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SUMMARY
A  reliable working methodology for the reverse transcription (RT) and polymerase 
chain reaction (PCR) amplification of rubella virus (RV) R N A  was established. The 
effect of magnesium concentration and R N A  concentration on the yield and specificity 
of PCR products was investigated. Factors involved in the design of efficient primers 
for PCR were also studied. RT primers designed to specifically anneal to the R V  
genome were shown to increase the yield of PCR product when compared to RT-PCRs 
in which the RT reaction was primed by random hexamers.
Using the RT-PCR technology, nonstaictural (NS) protein coding regions of the 
wild-type strain Thomas and the vaccine strain Cendehill were amplified, cloned and 
sequenced. In addition a region encompassing part of the 5' N C  region and the start NS 
protein ORF, covering nucleotides 18 to 540, for the wild-type strains Thomas, RB-1 
and Machado and vaccine strains Cendehill, RA27/3, HPV77.DE5 and TO-336 was 
amplified, cloned and sequenced.
When the Cendehill and Thomas sequences were compared with the equivalent 
sequences in the Therien and M3 3 wild-type strains, three amino acids were found 
which were unique to the Cendehill vaccine strain. The sequences of part of the 5' N C  
and 5' end of the NS coding regions of the above strains were compared to the 
equivalent sequences in the Therien and M3 3 strains. One amino acid substitution was 
found which was unique to RA27/3 and a second was identified which was present in 
both the RA27/3 and TO-336 vaccine strains. Nucleotide substitutions found in an area 
of the 5' N C  region which, it has been suggested, plays a key role in the initiation of 
translation and positive strand replication were also identified. The importance of all of 
these substitutions is discussed with particular reference to their possible roles in 
attenuation.
The suitability of the NS R V  RT-PCR system developed in the early stages of these 
studies was examined with regard to its use in the amplification and detection of R V  in 
clinical samples. The results obtained were in total agreement with those obtained using 
an RT-PCR system which detects the El R V  gene and also correlated well with other 
laboratory results. Possible future applications of the NS R V  RT-PCR system were 
discussed.
Results obtained in this thesis were discussed in the context of possible future 
molecular biology studies in this field.
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C H A P T E R  1. 
INTRODUCTION.
1
1.1. Historical review of rubella.
The earliest descriptions of rubella were recorded by two German physicians, de 
Bergen in 1752 and Von Orlow in 1758 (Emminghaus, 1870). At this time, it was 
known by the German name Rotheln, meaning redness, which aptly described the 
appearance of the rash. The disease came to be known as German measles in English 
speaking countries due to the early interest shown by the German physicians and 
presumably because of the difficulty in pronunciation of the German name. German 
measles was for many years, frequently confused with measles and scarlet fever, 
infectious diseases which presented with a similar rash.
Dr. William Maton (1815) and later Dr. Henry Veale (1866) first recognised the 
clinical differences between these diseases, the latter of whom proposed that the name 
rubella be adopted. However, it was not until 1881 that rubella was accepted as a 
distinct disease by an International Congress of Medicine in London (Smith, 1881).
Regarded as being a generally mild self-limiting disease with few complications, 
rubella received very little attention after 1881. In 1938, the viral nature of the disease 
was first demonstrated in children by inoculating them with filtered nasopharyngeal 
washings from patients with acute rubella (Hiro and Tasaka, 1938). The first indication 
that rubella was a disease of greater medical significance, however, did not occur until 
1941 with the publication of a paper by Dr. Norman McAlistair Gregg , an Australian 
ophthalmologist (Gregg, 1941). Between 1940 and 1941, in Sydney, Australia, Gregg 
observed that there was an unusual number of congenital cataract cases among babies 
who were of small size, ill-nourished and difficult to feed. Many were also found to 
have congenital heart defects. Further investigation of 78 infants with congenital 
cataracts revealed that all but 10 of the mothers had a history of German measles during 
the first 3 months of pregnancy at the time of an extensive rubella epidemic. It was not 
long before these findings were confirmed by Swan and his colleagues (1943). In
2
addition to Gregg's findings, Swan also noted infants with microcephaly and deafness. 
Despite these two publications, the validity of their findings was questioned in an 
annotation in the Lancet (1944) and it was not until the publication of further 
confirmatory reports from Australia and other countries, reviewed by Wesselhoeft 
(1947) that the association of maternal rubella infection with congenital malformations 
gained acceptance. Thus, rubella became the first infectious agent clearly defined as 
being teratogenic.
Rubella virus (RV) was first isolated from cell culture in 1962 by two independent 
groups of workers. At the National Health Institute in Washington, Parkman, Buescher 
and Artenstein (1962) isolated R V  from throat washings taken from army recruits with 
acute infection. Although no cytopathic effect (CPE) was detected following 
inoculation of these samples onto primary cultures of African Green Monkey Kidney 
cells (AGMK), when challenged with Echo 11 virus 7 to 14 days after inoculation, the 
usual CPE of this virus was not observed, suggesting the presence of an interfering 
agent. The effect of this agent was neutralised by rabbit antisera raised against an isolate 
from one of the army recruits. Working in Boston at the same time, Weller and Neva 
(1962) isolated rubella from urine and blood collected from patients with acute rubella. 
Following one or two passages in primary human amnion cell cultures CPE was 
apparent which could be subsequently inhibited by convalescent sera obtained from 
patients with rubella.
The interference technique of Parkman and colleagues (1962) was used by 
McCarthy, Taylor-Robinson and Pillinger (1963) to confirm the first reported isolation 
of R V  in the UK. These workers also reported CPE in cultures of human thyroid and a 
continuous line of rabbit kidney cells (RK13). Subsequently various cell cultures, 
primary and continuous, have been shown to support the growth of R V  (Table 1.1.).
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T A B L E  1.1.
CELL C U LTURES IN W H I C H  R U B E L L A  VIRUS C A N  BE 
P R O P A G A T E D
PRIMARY CELLS 
A G M K
Patas monkey kidney 
Human amnion 
Human thyroid 
Human embryo kidney 
Bovine embryo kidney 
Rabbit kidney 
Rabbit embryo kidney
INTERFERENCE
+
+
+
+
+
CONTINUOUS CELL LINES 
Vervet monkey kidney ( BSC-1 ) 
Vervet monkey kidney ( Vero ) 
Rhesus monkey ( LLC-MK2 ) 
Rabbit kidney ( RK13 )
Rabbit cornea ( SIRC )
Baby hamster kidney ( BHK21 )
CPE
+
+
+
+
±
+
+
+
+
1.2. Properties of the virus.
1.2.1. Classification.
R V  is a member of the Togavirus family (Horzinek, 1981). The Togavividae are a 
group of small viruses that contain a ribonucleic acid (RNA) genome and a lipid 
envelope or "toga" (Fenner, 1976). Alphaviruses and Rubiviruses are the only two 
genera of the Togavirus family.
The Alphavirus genus is the largest of the Togavividae and consists of more than two 
dozen distinct arthropod-borne viruses (arboviruses) that cause diseases in humans 
ranging from fever, rash and arthritis to rapidly fatal encephalitis (Peters and Dalrymple, 
1990). Ross River, Semliki Forest and Venezuelan equine encephalitis viruses can 
produce demyelinating disease in laboratory models (Chew-Lim et al, 1978; Dal Canto 
etal, 1981; Seay and Wolinsky, 1983).
R V  is the sole member of the Rubivirus genus and in contrast to the Alphaviruses is 
a non-arthropod-borne virus. Man is the only known natural host but experimental 
infection can be produced in primates, ferrets, rabbits, hamsters and suckling mice. 
No antigenic relationships have been demonstrated between R V  and other togaviruses 
(Mettler et al, 1968; Horzinek, 1981). In its virus structure and replication strategy, 
however, R V  is similar to the alphaviruses.
1.2.2. Structure.
The R V  particle is 58 ± 7 nm in diameter. It has an outer lipoprotein envelope which 
surrounds a nucleocapsid of 33 ± lnm in diameter. A  single strand of infectious R N A  is 
enclosed within the capsid (Figure 1.1.). Despite the instability of the nucleocapsid and 
the difficulty of establishing its symmetry, icosahedral symmetry and a central core
5
FIGURE 1.1. 
SCHEMATIC FIGURE OF  R V
S S  ( s i n g l e - s t r a n d e d )  H “ R N A
This figure shows the single-stranded RNA genome encapsidated by the capsid protein 
(C). The El and E2 glycoproteins are embedded into the lipid bilayer envelope 
(Mauracher et al., 1991).
6
component, 10 - 20 nm in diameter, have been described (Holmes et al, 1969; von 
BonsdorfF and Vaheri, 1969; Payment et al, 1975). The unit membrane outer envelope 
of the virus is acquired by budding from the host cell membranes (von Bonsdorff and 
Vaheri, 1969). It is the non-rigid delicate nature of the envelope that is responsible for 
the pleomorphic shape of the virus. Ill-defined 5 - 6 nm surface projections, probably 
composed of viral glycoproteins, protrude from the envelope. R V  contains three 
structural proteins, two of which, El and E2, are membrane-bound glycoproteins. The 
third, C, is the capsid protein and is non-glycosylated. A  schematic diagram of the R V  
particle displaying these proteins can be seen in Figure 1.1. The morphological 
characteristics of the virus are outlined in Table 1.2.
1.2.3. Physical and chemical properties.
The physical properties of R V  have been reviewed by Horzinek (1981) and are 
shown in Table 1.2. The stability of the vims is enhanced by the addition of proteins to 
the suspending medium. The presence of magnesium sulphate also appears to 
increase the thermostability of the virus. R V  possesses inherent photosensitivity and 
slowly loses infectivity when exposed to visible light. Sensitisation with proflavine (a 
photodynamic dye), which is most readily achieved at pH 9.0, markedly increases the 
rate of inactivation. However, inactivated preparations have been shown to 
stimulate haemagglutination- inhibiting antibodies in monkeys (Booth and Stem, 1972).
Because of the lipid content of the viral envelope, R V  is inactivated by the action of 
detergents and organic solvents (see Table 1.2.).
1.3. Molecular biology and replication of RV.
R V  has a single stranded R N A  genome which has a sedimentation coefficient of 
approximately 40S. The R N A  has a positive polarity and is infectious when extracted
7
TABLE 1.2.
PHYSICAL. CHEMICAL AND MORPHOLOGICAL PROPERTIES OF
RUBELLA
VIRUS PARTICLE:
Diameter 50-70 nm
buoyant density in sucrose 1.16- 1.19 g/ml
in caesium chloride 1.20 - 1.23 g/ml 
Sedimentation coefficient 350 ± 50S
NUCLEOCAPSID. 
Diameter 
Symmetry 
buoyant density 
Sedimentation coefficient 
Molecular weight
33 ± lnm 
icosahedral
in caesium chloride 1.44 ± 0.04 g/ml 
150S
2.6 - 4.0 x 103 kD
nucleic acid:
buoyant density 
Sedimentation coefficient 
Molecular weight
Single strand of RNA 
1.643 g/ml 
38 - 40S
3.3 - 3.5 x lO^  kD
LENGTH OF SURFACE
projections: 5-6 nm
CHEMICAL COMPOSITION: RNA 2.4% Lipid 18.8%
Protein 74.8% Carbohydrates 4%
MAJOR POLYPEPTIDES: Envelope El 58 kD
E2 42 - 47 kD 
Nucleocapsid C 33 kD
THERMAL STABILITY: 
4°C 
37°C 
56°C 
70°C 
-70°C
Stable for > 7 days
Inactivated at 0.1 - 0.4 log10 TCID50/ml per hour 
Inactivated at 1.5 - 3.5 log10 TCID50/mI per hour 
Inactivated at 5.5 log10 TCID50/ 0.1ml per V2 hour 
Stable
FREEZE DRYING: Stable
pH SENSITIVITY:
UV SENSITIVITY 
at 1350W/cm2: 
SONICATION:
Stable at pH 6.0 - 8.1
Unstable at more acid or alkaline pH
Inactivated at 7.0 log10TCID50/ 0.1ml per hour 
Stable for > 9 minutes
CHEMICAL SENSITIVITY: Sensitive to diethyl ether, chloroform and formaldehyde
from virus particles (Hovi and Vaheri, 1970a; Sedwick and Sokol, 1970). The virus 
contains three major structural polypeptides; El (58kD) and E2 (42-47kD), which are 
membrane bound glycoproteins exposed on the surface of the virions and C (33kD), a 
nonglycosylated R N A  associated capsid protein (Vaheri and Hovi, 1972; Oker-Blom et 
al., 1983; Waxliam and Wolinsky, 1983, 1985a; Kalkkinen, Oker-Blom and Pettersson, 
1984). At least two forms of E2 occur, E2a (47kD) and E2b (42kD). These proteins 
contain identical peptides, but differ in their degree of glycosylation (Oker-Blom et al, 
1983; Waxham and Wolinsky, 1983).
The reproductive cycle of R V  occurs in the cytoplasm. The virus is thought to enter 
the cell via the normal endosome mediated pathway in the same way that Semliki Forest 
virus (SFV) does. Upon binding to cell surface receptors, SFV is internalised in coated 
pits and coated vesicles and then transported to the lysosomal compartment (Helenius et 
al, 1980). In the lysosomes, the acidic pH triggers a conformational change in the 
envelope glycoproteins of SFV and these altered glycoproteins mediate fusion of the 
viral and endosomal membranes. Indeed, exposure of R V  to pH5 has been shown to 
induce irreversible conformational changes in the envelope glycoproteins El and E2, 
findings similar to those reported for the envelope glycoproteins of Semliki Forest virus 
(Katow and Sugiura, 1988; Kielian and Helenius, 1986). In addition, Mauracher and 
colleagues (1991) demonstrated that the R V  C protein becomes lipid soluble in vitro at 
low pH (below 5.5). Thus, it may be that the low pH of the lysosome results in a 
concomitant shift in structure of both the R V  envelope glycoproteins and the C protein. 
While the former may result in fusion of viral and lysosomal membranes, the latter may 
permit association of the capsid with the viral membrane resulting in intralysosomal 
uncoating of R V  RNA. Upon membrane fusion, viral R N A  would then be released into 
the cytoplasm (Figure 1.2.).
Replication of the viral genome results in the production of a complementary 
negative 40S R N A  which then serves as a template for the synthesis of progeny 40S and
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24S subgenomic R N A  (Oker-Blom et al, 1984). The llOltD polyprotein translated 
from the 24S R N A  is then cleaved to C, E2 and El (Figure 1.3.). Rubella virions 
mature via a budding process from the host cell membranes which form the 
glycoprotein-containing envelope of the virus.
Although R V  has a similar replication strategy to alphaviruses (Section 1.3.2.3.), it 
differs in other ways. Its replication is slow, taking 12 to 16 hours after infection before 
viral structural proteins can be detected intracellularly and it occurs without shutdown of 
host protein synthesis (Hemphill et al, 1988). In contrast the latent period seen with 
alphaviruses is two to three hours and maximal synthesis of viral macromolecules 
occurs with complete shutdown of host cell protein synthesis (Kaariainen and 
Soderlund, 1978). Peak R V  production occurs 48 hours post infection, whereas that of 
alphaviruses occurs between four and eight hours post infection.
1.3.1. The R V  Genome
The R N A  genome of R V  is 9757 nucleotides long, polyadenylated at the 3' end and 
capped at the 5' end. The cap structure is required for efficient translation as it serves as 
a ribosome recognition site (Rose, 1975; Rose et al, 1976; Pettersson et al, 1980). 
The complete genome of the Therien R V  strain has been sequenced (Dominguez et al, 
1990; see Appendix 1). The base composition of the R V  genomic R N A  is 14.9 per cent 
A, 15.4 per cent U, 30.8 per cent G  and 38.7 per cent C. This is the highest GC content 
(69.5 per cent) of any R N A  virus sequenced to date and this high GC  content is evenly 
maintained throughout the R V  genome. The only region where the G C  content differs 
markedly from this 69.5 per cent is in the first 65 nucleotides of the genome, where it is 
47 per cent. The lower GC content in this region of the double-stranded replicative 
form is thought to facilitate recognition and local denaturation by factors involved in 
initiation and synthesis of the genomic R N A  (Dominguez et al, 1990). The 
genome contains two long open reading frames (ORFs). The 5'-proximal ORF of 6615
11
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nucleotides encodes the non-structural proteins and the 3'-proximal ORF of 3189 
nucleotides encodes the structural proteins. During viral replication, the subgenomic 
24S R N A  which consists of the 3'-terminal 3327 nucleotides is synthesised. This 
subgenomic R N A  contains a single long ORF which is translated into a llOkD 
polyprotein precursor to the structural proteins (Figure 1.3.). The order of the 
structural proteins within the llOkD precursor is N H 2 - C - E 2 - E 1  - C O O H  (Oker- 
Blom, 1984). The subgenomic sequences of wild type strains Therien and M3 3 and 
vaccine strains RA27/3 and HPV77 have been reported (Frey et al, 1986; Vidgren et 
al, 1987; Takkinen et al, 1988; Frey and Marr, 1988; Clarke et al, 1987; Nakhasi et 
al, 1989; Zheng et al, 1989). More recently the sequence of the 5' non-coding (NO) 
and NS protein coding regions of M33 has also been submitted by Gillam (1993) to 
GenBank (Accession number X72393B).
1.3.2. O R F  analysis of the R V  genomic sequence.
Sequencing analysis by Dominguez and colleagues (1990) demonstrated two long 
ORFs in the positive orientation of the R V  genome. The 3'-most ORF begins at 
nucleotide 6507 and ends at nucleotide 9696. 3189 nucleotides in length, this ORF 
encodes a polypeptide of 1063 amino acids which is the precursor for the structural 
proteins (Frey et al, 1986; Frey and Marr, 1988, Figure 1.3.). At the 5'-terminus of the 
nonstructural (NS) protein ORF, there is an A U G  which begins at nucleotide 3 of the 
R V  genome. Translation initiated at this A U G  would terminate at a U A G  codon 
beginning at nucleotide 54, yielding a 16-amino acid product (Dominguez et al, 1990). 
In most eucaryotic mRNAs the AUGs at which translation is initiated are 20 to 100 
nucleotides from the 5' end of the R N A  (Kozak, 1987). Although initiation of translation 
has been reported at an A U G  starting at nucleotide 4, initiation of translation at AUGs 
less than 15 nucleotides from the 5' end of eucaryotic mRNAs is less efficient than at 
AUGs placed more than 15 nucleotides from the 5' end (Kelley et al, 1982; Sedman el 
al, 1990). It is, therefore, not uncommon to find that mRNAs which contain AUGs
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close to the 5' end, also contain downstream AUGs at which translation is also initiated 
as is thought to be the case with R V  R N A  (Kozak, 1987). The NS protein ORF is, 
therefore, thought to start at an A U G  beginning at nucleotide 41 and terminating at 
position 6656 with an opal codon (UGA) which is followed 12 nucleotides downstream 
by a second in frame opal codon. This ORF is 6615 nucleotides in length and encodes a 
polypeptide 2205 amino acids long. The NS and structural protein ORFs overlap by 
149 nucleotides.
The ORF analysis also revealed several long ORFs in the negative sense polarity. 
The longest of these overlaps the structural protein ORF and would yield a product of 
924 amino acids if translated from the first AUG. It is not known if any of these ORFs 
are translated. Similar length ORFs are not present in the negative polarity of 
cilphcivirus genomic RNAs (Strauss and Strauss, 1986).
Codon usage in the NS protein ORF is very similar to that of the structural protein 
ORF (Dominguez et al, 1990). With an overall genomic GC content of 69.5 per cent, it 
is not surprising that within the R V  ORFs there is a bias in codon usage towards G  and 
C residues. Two selections are particularly evident. The first showed an extreme 
selection for G  and C residues at the third codon position resulting in a GC content of 
80.9 per cent in this position. By comparison, this value is 54.8 per cent in Sindbis virus 
(SV) ORFs (Strauss and Strauss, 1986) and 60.8 per cent in a compilation of human 
genes (Maruyama et al, 1986). The second bias in selection occurred where GC rich 
codons were favoured among the isofunctional amino acids encoded in the ORFs of RV. 
Of the basic residues in the ORFs of R V  for example, 87 per cent are arginine (codons 
are CGN, A G A  and AGG) and only 13 per cent are lysine (codons are A A A  and AAG). 
By comparison, in both SV ORFs and human genes, 45 per cent of the basic residues are 
Arginine and 55 per cent are Lysine. There is a similar selection for valine (codons are 
GUN) over isoleucine (codons are AUC, A U A  and AUU) in R V  ORFs. Contrastingly, 
for isofunctional amino acids for which no difference in GC content is present, no
14
selection occurs; 50 per cent of the acidic residues in the R V  ORFs are glutamic acid 
(codons are G A A  and GAG) and 50 per cent are aspartic acid (codons are G A C  and 
GAU).
I.3.2.I. The NS protein O R F
The NS proteins of R V  have not been characterised. R V  does not shut off host cell 
synthesis of macromolecules and thus small quantities of R V  viral proteins have been 
difficult to detect over the host cell background (Hemphill et al, 1988). Sequence 
analysis of the NS protein ORF has, however, elucidated a number of putative domains 
(Figure 1.4.). Knowledge of sequence motifs conserved between various positive strand 
R N A  viruses within the NS ORFs has enabled putative functions to be assigned to 
particular areas of the genome. A  tripeptide glycine - aspartic acid - aspartic acid motif, 
associated with R N A  polymerase activity and one that is conserved in all positive 
polarity R N A  viruses analysed (Kamer and Argos, 1984), was the first such motif to be 
identified in R V  by Frey and Marr (1988). Once the complete sequence of the NS 
protein ORF was determined by Dominguez, Wang and Frey (1990), they were able to 
show the presence of a second amino acid motif which is associated with helicase 
activity due to its presence in four bacterial helicases (Gorbalenya et al, 1988). 
Dominguez and colleagues also made comparisons with conserved nucleotide stretches 
within the genomic RNAs of alphasnruses. They found homology between a stretch of 
highly conserved nucleotides at the alphavirus subgenomic R N A  synthesis start site and 
a sequence 20 nucleotides upstream of the equivalent site in R V  (Conserved sub­
genomic start site, Figure 1.4. and B, Figure 1.5.). This sequence in alphaviruses has 
been shown to be necessary for subgenomic R N A  synthesis, but unlike its R V  
counterpart it cannot form a secondary structure (Grakoui et al, 1989; Dominguez et 
al, 1990). These sequences are in the same translational frame and thus give rise to a 
small pocket of amino acid homology.
15
FIGURE 1.4.
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A n o th er h ighly conserved region in  a lp h a v i r u s e s  is a stem -and-loop structure at the  
5' end (S IN , F ig u re l.6 .) . This structure is conserved in a lp h a v i r u s e s ,  despite divergence  
o f  the nucleotides invo lved in  it. I t  is thought that the com plem entary minus strand 
equivalent o f  this structure m ay be recognised by the replicase as a b inding site fo r the  
in itia tion  o f  transcription o f  the positive strand o f  genom ic R N A  (Strauss and Strauss, 
1986 ). D o m in g u ez  and colleagues found  a sim ilar structure (R V -2 ,  F ig u re  1 .6 .) at the 5' 
end o f  the R V  genom e w hich  has a calculated stability sim ilar to  that o f  the a l p h a v i r u s  
structure. A  second double stem -and-loop structure, o f  lo w e r calculated stability (R V -  
1, F ig u re  1 .6 .), can be form ed by the same sequences in  R V . Such stem -and-loop  
structures w ith in  R N A  have been proposed as playing an im portant ro le  in translation, 
transcrip tion  and replication. A t  the 5' end o f  the poliovirus R N A , the stem -and-loop  
structure plays a part in  organising v ira l and cellu lar proteins invo lved  in  positive strand 
production  (A n d ino  e t  a l ,  1990 ). Indeed, it has been proposed that the binding o f  three  
cellu lar proteins ( o f  re lative  m olecular masses ( M r)  61, 63 and 5 8 k D ) to  a stem -and- 
loop  structure at the 3' end o f  the R V  genom e initiates replication o f  the negative strand 
(N akh as i e t  a l ,  1990, F igure  1 .7 .). L ikew ise , it has been proposed that, the binding o f  
three cytosolic proteins ( o f  M r s 97 , 79  and 56 k D )  to  a stem -and-loop structure at the  
3' end o f  the com plem entary negative strand m ay be involved in  in itia ting  progeny 4 0 S 
R N A  positive strand rep lication  (N akhasi e t  a l , 1991, F igure  1.7 .).
A  stretch o f  4 6  nucleotides (nucleotides 2 2 4  to  2 6 8 ) o f  the R V  genom e w hich  
showed 50  per cent hom ology w ith  a 5 1 -nucleotide conserved reg ion  w ith in  
a lp h a v i r u s e s  (A , F igure  1 .5 .) w as also reported by D o m in g u ez  e t  a l  (1 9 9 0 ). This  
reg ion  starts at nucleotide 156 in  the S V  v ira l genom e w ith in  the reg ion  encoding the  
n sP l protein . A  double stem -and-loop structure can be form ed by these nucleotides in  
S V  but not by the equivalent reg ion  in  R V . A  m ore extensive analysis o f  this region, 
invo lv ing  comparisons o f  the N -te rm in a l domains o f  a large num ber o f  v ira l replication  
proteins by R o zan o v  and colleagues (1 9 9 2 )  revealed 6 distinct conserved m otifs  w ith in  
the a l p h a v i r u s  n sP l protein . These m otifs, term ed I ,  I a l ,  Ia 2 , I I ,  H a l  and I V  w ere  also
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F IG U R E  1.6 .
P O T E N T IA L  S T E M - A N D - L O O P  S T R U C T U R E S  F O R M E D  B Y  
N U C L E O T ID E S  A T  T H E  5 ' T E R M I N I  O F  R V  A N D  S IN D B IS  V IR U S
(D o m in g u e z  e t  a l . ,  1 9 9 0 )
R V - 2 C1 C A_U_G_G - A C A AC Loop A :::::: a Loop B
G C U A C C U C  cc U C A : UU G : CA : U AG g : CU : AC : G - G
G : C - A U : AA : U C : GA C  A (G : C A : UG : C A : U
G * U C : G U : AC : GU : A G : C C : GS'HMA:UUCCC A U G G A : U.... S' 5'NNAUGGAAGCUAUCGGA:U.....3
I I I I ||337 4667 1864
AS—;=■-; L2 ICc a 1 /ao 1 AG = -19 KcaL/mol
ACUAU 
UG AU G
G : C A A C AG : C C : G
G : C G : C U : A U : A5'm7G A:UUGCACUACCAUCACAAUG
I I4 4 6 GAG = -15 Ccal/mol
Potential stem-and-loop structures formed by nucleotides at the 5 ’ terminus of the R V  RNA. 
The conserved stem-and-loop structures at the 5' term ini of the a lp h a v iru s  RNAs are represented 
by the structure at the 5 ’ terminus of the S IN  (sindbis virus) RNA (Strauss and Strauss, 1986). 
Free energies were calculated by the method of Tinoco e t a l  (1973). The A U G  beginning the 
nonstructural protein O R F is underlined.
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P R O P O S E D  M O D E L  F O R  IN V O L V E M E N T  O F  S T E M - A N D - L O O P
FIGURE 1.7.
S T R U C T U R E S  IN  R V  R E P L IC A T IO N
REPLICATIO N R E Q U IR E S  C E L L  A N D  V IR A L  P R O T E IN S
CELL P R O TE IN S  B IN D  T O  3* H A IR P IN : ( S | | | ^  j 6 3  | ^
VIRAL P R O TE IN S : R E P U C A S E
1 +  G E N O M E
I I I
G E N O M E
(A)r
CTL
CELL P R O T E IN S  B IN D  T O  3 ' H A IR P IN  O F  A N T IS E N S E  (-) G E N O M E :
IfSi (s g ) plus p r y
G E N O M E r c n n
This schematic diagram (by P.G. Sanders) represents the proposed model for the involvement of 
stem-and-loop structures at the 5* and 3' terminals of the RV genome in viral replication by their 
interaction with cellular proteins and is based on the findings of Nakhasi et a l . (  1990 and 1991). 
The numbers within the cellular proteins represent their relative molecular masses (M r).
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show n to  be present in  a num ber o f  positive strand R N A  plant viruses and hepatitis E  
virus and can be seen in  F igure  1.8. taken  fro m  R ozan o v  e t  a l  (1 9 9 2 ) . These viruses 
along w ith  the a l p h a v i r u s e s  w ere  designated the 'altovim s' group by the authors. A  
second group, the 'typovirus' group (tym oviruses, potexviruses, carlaviruses and apple  
ch loro tic  le a f spot v im s  (A C L S V ) )  contain m otifs I ,  I t l ,  I I ,  I I t l , I I t 2 ,  I I t 3 ,  I I I ,  IV .  T he  
a ltov im s and typovirus groups share m otifs I ,  I I ,  I I I  and I V  w ith in  this conserved region  
and are part o f  the larger so-called 'Sindbis-like' supergroup o f  positive strand R N A  
viruses. D espite  the presence in  R V  o f  the invariant histidine residue o f  m o tif  I ,  the  
aspartic acid residue preceded by tw o  bu lky  hydrophobic residues o f  m o tif  I a l  and the  
invariant tyrosine residue o f  m o tif  IV ,  there w as a high degree o f  deviation  fro m  the  
consensus patterns in  the otherw ise h ighly conserved m otifs Ia 2  and I I .  H o w e v e r, 
w h en  the authors translated alternative reading frames w ith in  this reg ion  o f  the R V  
genom e, m otifs  Ia 2  and I I  w ere  revealed. Further studies w ill thus be required to  
ascertain w hether unusual mechanisms such as m ultip le  fram eshifting o r R N A  editing are  
invo lved  in the expression o f  this area o f  the R V  genome. Functional studies o f  the N S  
prote in  1 (n s P l)  harbouring the conserved N -te rm in a l dom ain in a lp h a v i r u s e s  have  
show n that it  encompasses at least the m ethyltransferase and guanylyltransferase  
activities required fo r  capping o f  v ira l positive strand R N A  ( M i e t  a l , 1989; Scheidel 
and S to llar, 1991). A lth o ug h  some o f  the conserved m otifs w ith in  this region m ay have  
other functions, it  is like ly  that they constitute the catalytic  site o f  the R N A  
m ethyltransferase enzyme.
T h e  presence o f  a putative  papain -like  protease dom ain in  R V  (F ig u re  1 .4 .) w as first 
reported  by G orbalenya e t  a l  (1 9 9 1 ). Th is  dom ain was shown by K o o n in  e t  a l  (1 9 9 2 )  
to  be present in the hepatitis E  v im s  ( H E V )  N S  polyprotein  (C , F ig u re  1 .9 .) along w ith  
the  fo llo w in g  putative  dom ains reported  earlier in  R V  (F rey  and M a r r , 1988; D om in gu ez  
e t  a l , 1990; R o zan o v  e t  a l ,  1992): R N A  polym erase (F ig u re  1 .1 0 .), R N A  helicase 
(F ig u re  1 .1 1 .) and m ethyltransferase. K o o n in  and colleagues com pared the H E V  N S  
polypro te in  to  that o f  R V  and other positive strand R N A  viruses and in  doing so also
21
FIG U R E 1.8. Abbreviations:
The 'altoviruses* The ’typoviruses'
SNBV Sindbis virus O Y M M V ononis yellow mosaic vims
RRV Ross River virus EM V eggplant mosaic virus
SFV Semlilti forest virus K Y M V kennedya yellow mosaic virus
ONNV (YNyong-Nyong virus T Y M V turnip yellow mosaic vims
VEEV- Venezuelan equine encephalitis virus W C 1M V ' white clover mosaic vims
PEBV pea early browning virus N M V narcissus mosaic vims
TRV tobacco rattle virus PVX potato virus X
BSMV bailey stripe mosaic virus PM V papaya mosaic virus
TM V tobacco mosaic virus C Y M V clover yellow mosaic virus
A M V alfalfa mosaic virus FM V foxtail mosaic virus
BMV bromegrass mosaic virus PVM potato virus M
C M V cucumber mosaic virus ACLSV apple chlorotic leaf spot virus
TAV tomato aspermy virus
HEV hepatitis E vims
B N Y W beet necrotic yellow vein virus
RUBV rubella vims
F IG U R E  1.8.
A L I G N M E N T  O F  T H E  P U T A T IV E  M E T H Y L T R A N S F E R A S E  D O M A IN
O F  S IN D B IS -L IK E  V IR U S E S
( R ozanov e t  a l . ,  1992 )
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CONSENSUS, amino acids conserved in all (upper ease), or in at least 21 of 28, or 75% aligned sequences. CONSENSUS 1 
or 2, consensus patterns for the altovims and typovirus groups, respectively, derived under the same rules. Asterisks, 
positions occupied by bulky hydrophobic residues (I, I„ V, M, F, Y or W) in at least 75% of the sequences. I to IV, sequence 
motifs conserved throughout the Sindbis-likc supergroup; Ial,Ia2 and Hal, motifs conserved in the altovims group only; Itl, 
I Itl, 1112 and I It3, motifs highly conserved in the typovirus group only. Exclamation marks, sites of amino acid replacements 
in mutants with altered affinity for ado met. \, uncertainty in the amino acid sequence. The alignment was generated by the 
program OPTAL . The sequences of 1AV and PMV, which have been reported very recently, were introduced by hand, 
based on the unambiguous alignments with the sequences of C M V  and of potcxvimscs, respectively.
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F IG U R E  1.9.
T H E  P U T A T I V E  P A P A I N - L I K E  P R Q T E A S E S . X  D O M A IN S  A N D  
P R O L I N E - R IC H  H I N G E  D O M A IN S  O F  H E Y  A N D  R V  
(K o o n in  e t  a l1, 1 9 9 2 )
SinV nsP3 ( 1 - 161)SFV nsP3 ( 1 - 161)ONNV nsP3 ( 1 - 161)RRV nsP3 ( 1 - 161)MidV nsP3 ( 1 - 161)VEEV nsP3 ( 1 - 161)
HEV ? (785 - 942)
RubV ? (816 - 984)
AP-SYRTKRENIADCQEEAWNAANPLGRPGEGVCRAIYKRWP AP-SYRVRRTDISGHAEAAWNAANAKGTVGDGVCRAVARKWP AP-SYRVKRMDIAKNTEECWNAANPRGVPGDGVCKAVYRKWP AP-SYRWRGNITDSDADVLVNQLGVNNKVCDGVCRAMVKKWP AP-S YHWRGDIATATEGV11 NAANSKGQPGGGVCGALYKKFPAP-SYRVKRADIATCTEAAWNAANARGTVGDGVCRAVAKKWP * ;* ; ;**** * * ; * *YPDGSKVFAGSLFESTCTWLVNASNVDHRPGGGLCHAFYQRYP * ;* * ;*** * * *;* * ; GPVHLRVRDIMDPPPGCKVWNAAN EGLLAGSGVCGAIFANAT
SinV
SFV
ONNV
RRV
MidV
VEEV
nsP3nsP3nsP3nsP3nsP3nsP3
HEV ? 
RubV ?
i j i j j
TSFTDSA— T-ETGTARMTV-- CLGKKVIHAVGPDFRKHPEA — EALDSSKGAA— T-PVGTAKLVQ--ANGMNVIHAVAPNFSTVTEA— EGDESFRNSA— T-PVGTAKTIM--CGQYPVIHAVGPNFSNYSEA— EGDSCCPTTT— G-KVGDAVLT---TEPRKIVHAYCPNFGTSREE— VADESFDLQP— I-EVGKARLVK--GAAKHIIHAVGPNFNKVSEV — EGDSAFKGAA— T-PVGTIKTVM--CGSYPVIHAVAPNFSATTEA— EGD
*  *  ; * * * * ; * ; ;  *ASFDAASFVM-RDGAAAYTL---TPRPIIHAVAPDY-RL-E HNP
*  *  ; *  *  *  * * * * * * *  *  AALAANCRRLAPCPTGEAVATPGHGCGYTHIIHAVAPRRPRDPAALEEGE
i i  i j i i i
SinV nsP3 KLLQNAYHAVADLVNEHNIKSVAIPLLSTGIYA-AGKD-RLEV-SLNCLTSFV nsP3 RELAAAYRAVAGIINASNIKSVAIPLLSTGVFS-GGKD-RVMQ-SLNHLFONNV nsP3 RELASVYREVAKEVSRLGVSSVAIPLLSTGVYS-GGKD-RLLQ-SLNHLFRRV nsP3 ADLAAVYRAVASLADE-TVRTMAIPLLSTGTFA-GGKD-RVLQ-SLNHLFMidV nsP3 KQLAEAYESIAKIVNDNNYKSVAIPLLSTGIFS-GNKD-RLTQ-SLNHLLVEEV nsP3 RELAAVYRAVAAEVNRLSLSSVAIPLLSTGVFS-GGRD-RLQQ-SLNHLF* * : : * *** **:: : : ** HEV ? KRLEAAYRET CSR— LGTAAYPLLGTGIYQ-VPIGPSFDAWERNHR-
** *** ; * **** * j * * *RubV ? ALLERAYRSIVALAAARRWACVACPLLGAGVYGWSAAE-SLRA-ALAAT-
SinV nsP3 SFV nsP3 ONNV nsP3 RRV nsP3 MidV nsP3 VEEV nsP3
HEV ?
RubV
TALDRTDADVTI- TAMDTTDADWI — AAMDSTDADWI - TALDTTDVDVTI- TALDTTDADVAI- TAMDATDADVTI-
-YCLDK-KW- -YCRDK-AW- -YCRDK-EW- ■ YCRDK-SW- -YCRDK-KW- -YCRDK-SW-
KERIDAALQLKES EKKIQ EAIDRRTA EKKITEAISLRSQ EKKIQEAIDMRTA EMTLKEAVARREA EKKIQEAIDMRTA
PGDELYLPELAARWFEANRPTRPTLTITEDVA-RTA 
;  • *  *  * * *  *  :RTEPVERVSLHI--CHP— DRATLT-HASVLVGAG
B
HEV (712-778) 
RubV (716-782)
f i iff * *tt i iSSPARPDLGFMSEPSIPSRAATPTLAAPLPPPAPDPSPPPSAPALAEPAS
k k it it it it l it k it it it it kkk k ★ *SAAASPPPGDPPPPRRARRSQRHSDARGTPPPAPARDPPPPAPSPPAPPR
HEV
RubV
GATAGAPAITHQTARHR
• • k k k
AGDPVPPIPAGPADRAR
C
HEV (433-592) QCRRWLSAGFHLDPRVLVFDESAPCHCRTAI-RKALSKFCCFMKWLGQEC
RubV (1109-1274) RCRGW— HGMP-QVRCTPSNAHAA-LCRTGVPPRASTR— G-GE-LDPN- 
+
HEV TCFLQPAEGAVGDQGHDNEAYEGSD-VDPA-ESAISDISGSYWPGTALQ-PLYQALDLPAEIV * * . * * . * . . .  ** * *:*: . * *
RubV TCWLRAA-ANVAQAARACGAYTSAGCPKCAYGRALSEARTHEDFAALSQRWSASHADASPDGTG
+
HEV ARAGRLTATV— KVSQV-DGR-IDC— ETLLGNKTFRTSFVD-GAVLETNG-PE---R— HNL
*  *  *  * * *  ; ; ★* ★ * kkk . kk k .
RubV DPLDPLMETVGCACSRVWVGSEHEAPPDHLLVS-LHRAPNGPWGWLEVRARPEGGNPTGHFV
(A) Alignment of the X domains of HEV, RV and alphaviruses. Exclamation marks denote invariant residues, stars denote identities between 
HEV and RV or between HEV and alphaiiruses, and colons denote similar residues between HEV and RV or between HEV and alpha\iruses. 
Grouping or amino acid residues by physico-chemical similarity was as follows: G and A; S and T; D, E, N and Q; K and R; I, I, V and M; K, Y 
and W. In each case, an exception in one of the alphaxirus sequences was allowed. Viruses: SinV, Sindbis; SFV, Semliki Forest; ONNV, 
O'Nyong-Nyong; RRV, Ross River; MidV, Middleburg; VEEV, Venezuelan equine encephalitis. (B) Alignment of the proline-rieh hinge 
domains of HEV and RV; proline residues are highlighted with a pound sign. Stars indicate identical residues, and colons indicate similar 
residues. (C) Alignment of the putative papain-like proteases of HEV and RV. Plus signs indicate putative catalytic residues, stars indicate 
identical residues, and colons indicate similar residues.
23
P U T A T I V E  R N A - D E P E N D E N T  R N A  P O L Y M E R A S E  D O M A IN S  O F  H E V ,
FIGURE 1.10.
R V  A N D  B N Y V V  
(K o o n in  e t  a l , 19 9 2 )
RubV (1595-2111) AGALAEUCEVPAGIDRVVAVE-QA—PPPLPPADGI--- PEA--QDVPPFCPRTL-
IIEV (1207-1693) GGEIGHQR—PSVIPR-GNPD-AN—VDTLA AF--- PPS--CQISAF—HQL-
BNYW (1539-2075) AGGKTDANADPADVLRQSFMDYASEFVPILIAESPIFHPLVEPEPILSKCMVPEFDAFLLI
RubV EELVFGRAGHP-HYADLNRVTEGEREVRYMRISRHLLNKNHTEMPGTERVLSAVCAVR-R-YRAGED—GSTL» ■ • • * • » » • I, . « •
KEV AE-ELGHRPVP-VAAVLPPCPELEQGLLYL—PQEL—TTCDSVVTFE—LTDIVHCR-M-AAPSQR—KAVL
BNYVV KEFDLDNGADEYQCAYLNESVANRIGDKFV—SGVLDTDIISPLNLRGHP1AENVKYHSMCVAPAQ1YFKRNQ
RubV RTAVARQHPRP—FRQI - -PPPRVTAGVAQEWRMTYLRE-RI -DLTDVY—TQM-GVAARELTDRYARRYPE 1
KEV STLVGRYGGRTKLYNA—SH-SDVRDSLAR-FIPAIGPV-QV-TTCELY EL—VEA—MVEK-GQDGSAV
BNYW WQELQVQQARY-LFRKVRSNPSSTQDSVARMVAQLFVSDCLVPNVADTFSASNLWRIHDKAMHDMVAKNYQGQ
11I
RubV FA-GMCTAQSLS-VPAF-LKATLKCVDAALGPRDTEDCHAAQGKAGLE1RAWAKE-WVQVMSPHFRAIQKIIM
. * . • * . . . . . . . . . . . . .  . . . . . .  a.
HEV LELDLC-NRDVSR1TFFQ-KDCNKFTTGET----1 AHGtCVGQG ISAWSKT-FCALFGPWFRAIEKAIL
BNYVV MEEEF—TRNAK-LYRFQLKDIEKPLKDPE-----TDL AKAGQGI LAKSK.EAH VK-FMV AFRVLNDLLL
III IV
RubV--RALRPQFLVAAGHTEPEVDAW-WQAHYTTN-AIE—VDFTEFDMNQTLATRDVELEISAALLGLPCAED—
• « « * . . . «  * . .  . . . . . .  .  . . . .  . . .
HEV---ALLPQGVFYGDAFDDTVFSAAVAAAKASM-VFE—NDFSEFDSTQNNFSLGLECAIMVE-CGHPQWLIRL
.  . . . .  . . . . . . .  .  .  . . .  i .  . .  .  .  . . .
BNYW KSLNSN-VWDNTMSETEFVGKIN AAMNTVPDSAINGVIDAAACDSGQG VFTQLIERHIYAA-LGISDFFLDW
VI
RubV YRALRAGSYCTLRELGSTETGCERTSGEPATLLHNTTVAMCMAMRMVPKGVRWAGIFQGDDMVIFLPEGARSA. . .  . ........... . . . . . . . . .  . a
KEV YHLIR-SAWILQAPKESLRGFWKKKSGEPGTLLUNTVWNMA VITHCYDFRDFQ VAAFKGDDSIVLCSEYRQSP• * » ........ ... ... . . ....
BNYW YFSFR-EKYVMQSRYVRAHMSWKTSGEPGTLLGNTILMGAMLNAMLRGTGPFCMAMKGDDGFKRQANLKIND
VII VIII
RubV ALKV/TPAEVGLFGFHIPVKHVST- PTPSFCGH VGTAA-GLFHDVMHQAIKVLCRRF—DPDVLEEQQV ALLDR 
HEV G AAVLIAGCGLKLKVDFR-PIGLYAGVVVAPGLGALPDWRFAGRLTEKNWGPGPERAKQLRLAVSDF.... .... a ... ...
BNYW QM LKLIKKETVLDFKLDLN VP I -TFCGYALSNG-HLFPSVSRKLTKIAAHRF - RE YKHFC E YQESLRDH
RubV LRGVYAALPDTYAANAAYYDYSAERVLAIVRELTAYAGARPRPPGHHRRARGDSDPLRA-RQSP 
HEV LRKLTN VAQMCVDVVSRVYGVSPGLVHNLIGMLQAVADGKAHFTESVKPVLDLTNSILC—RVE 
BNYW IKNLPKDPAVYADFLECNASLSCRNVDDVQRWLDA11SVSRIGREQFMMMFPIREVFMSLPPVE
Alignment of the putative RNA-dcpendent R NA polymerase domains of HEV, RV and B N Y W  (beet necrotic yelioiv vein 
vims). The conserved motifs of positivc-stmnd R NA viral RNA polymerases arc designated I - VIII. Asterisks indicate 
identical amino acid residues and colons indicate related residues. The region of highest similarity between IIEV and RV 
revealed upon local similarity search is overlined, and the region of highest similarity between HEV and BNYVV is 
underlined.
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T H E  P U T A T I V E  R N A  H E L IC A S E  D O M A IN S  O F
FIGURE 1.11.
H E V .  R V .  B N Y V V  A N D  E A V  
(K o o n in  e t  a l ,  1 9 9 2 )
A
____I la
BNYVV (923-1201) HQK1PTQAFEVSVRLEYVKGCPGTGKSFLIRSLADPIR-DLWAPFIKLRSDYQNQ-R-VGDE
KEV (960-1204) GCRV-TPG—V-VQYQFTAGVPGSGKS-RSITQADV-DVVVVPTRELRNAW—R-R-RG—
RubV (1333-1S85) LASVQRPR-KGPYNIRVUNMAAGAGKT—TRILAAFTREDLYVCPTNALLHEIQAKLRARD1D
II III
BNYVV LLSWDFHTPHKALDVTGKQ11FVDEFTAYDWRLLAVLAYRNHAUT1YLVGDEQQTCIQEGRGEGISILNKIDL
HEV -FA-AF-TPHT AARVTQGRRVVIDEAPSLPPHLL—LLHMQRAATVHLLGDPNQIPAIDFEHAGLVPAIRPDL
RubV IKNAATYERRLTKPLAAYRRIYIDEAFTLGGEYCA-FVASQTTAEVICVGDRDQ-CGPHYANNCRTPV—PDR
IV
BNYVV SKVSTHVPIMNFRNPVHDVKVLNYL-FGSRHVPMSSVEKGFSFGDIKEFSSLSNIPDTKIIHYSDETGEHMMP
HEV GPTSWW-HVT-HRUPA-DVCELIRGAY-PHIQTTSRVLRSL----FWGEPAVGQ-KLV-FT-QAAKPANP
RubV WPTERSRH-T-WRFPDCWAARLRAGLDYDIEGERTGTFACNL----WDGRQV-DLHLA-FSRETVRRLHE
V VI
BNYVV DYVRGVSKTTVRANQGSTYDNVVLPVLPSDLKL-1NSAELN-LVALSRHRNKLTIL-LDNDGMNIG A
HEV GSV--- TVHEAQGATYTETTIIATADARGL- IQSSRAHAIVALTRHTEK-CVI -1DAPGL-LRE
• * *  . .  . . .  * • *
RubV AG I RAY T VREAQGMSVGT AC IHVGRDGTDVALALTRDLAIVSLTRASDALYLHELE-DGS-LRA
IV
HEV (1083-1190) HVTHRWPADVCELIRGAYPMIQTTSRVLRSLFWGEPAVGQKLVFTQAAKPANPGSV 
• . . .  « . . .  . .
EAV (2357-343?) RVCHRFGAAVCDLIKGIYPYYEPAPHTTKVVFVPNPDFEKGWITAYHKDRGLGHR
VI
HEV TVHEAQGATYTETT 11ATADARGL IQSSRAHA IVALTRHTEKCVI IDA PGLLRa. .. • . . .  . * «at,
EAV TI DS IQGCTFPWT-LRLPTPQSL TRPRAWAVTRASQELYIYDPFDQLSGLLK
Alignment of the putative RNA hclicase domains IIEV, RV, B N Y W  and EAV (Equine arteritis virus). The conserved motifs 
typical of the helicasc superfamily I arc designated I - VI. (A) The sequences of the lielicascs of HEV, RV and B N Y W  were 
aligned over regions I - IV. (B) The sequences of the hcllcascs of IIEV and EAV were aligned within the regions spanning 
motifs IV - VI. The other designations are as in FIGURE 1.9.
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identified  an 'X ' dom ain (A , F igure  1 .9 .), a p ro line-rich  hinge dom ain (B , F igure  1 .9 .) 
and a 'Y ' dom ain (F ig u re  1 .12 .).
T h e  putative  papain -like  protease dom ain (contain ing the putative  catalytic cysteine 
and histidine residues) w h ich  is also present in  a lp h a v i r u s e s  is found at am ino acid 
residues 1109  to  1274  (nucleotides 3 3 6 4  to  3 8 6 2 ) in R V  (F ig u re  1.4 .; C , F igure  1 .9 .). 
A  dom ain w h ich  flanks this region in  the polyproteins o f  positive-strand R N A  anim al 
viruses is the X  dom ain (G orbalenya e t  a l ,  1991 ). A lthough  the X  dom ain w as  
previously described by D o m in g u ez  e t  a l  (1 9 9 0 )  as the segment w h ich  showed the  
highest degree o f  am ino acid hom ology betw een  R V  and a lp h a v i r u s e s ,  no function has 
yet been assigned to  it. T h e  X  dom ain is located in R V  at am ino acid residues 816  to  
9 8 4  (nucleotides 2 4 8 5  to  2 9 9 4 ) (F ig u re  1.4.; A , F igure  1 .9 .). T h e  pro line-rich  hinge 
reg ion  (F ig u re  1.4.; B , F ig u re  1 .9 .) w h ich  precedes the X  dom ain and is located betw een  
am ino acid residues 71 6  to  7 8 2  (nucleotides 218 5  to  2 3 8 3 ) o f  R V ,  m ay serve as a 
flex ib le  hinge betw een  the X  dom ain and the upstream  domains. T h e  putative  R N A -  
dependent R N A  polym erase (F igures 1.4. and 1 .1 0 .) dom ain in R V  is betw een am ino  
acid residues 1595 to  2111  (nucleotides 4 8 2 2  to  6 3 7 2 ). T h e  highest degree o f  
conservation w as seen betw een R V ,  H E V  and B N Y V V  in  this dom ain. T h e  putative  
R N A  helicase dom ain (F igures 1.4. and 1 .1 1 .), is located betw een  am ino acid residues 
1333 to  1585 (nucleotides 4 0 3 6  to  4 7 9 2 ) in R V . Com parisons betw een  R V , H E V  and 
B N Y V V  in  this reg ion  showed the second highest degree o f  conservation o f  those  
dom ains assessed in  the study. K o o n in  e t  a l  (1 9 9 2 ) also discovered a reg ion  o f  
significant sim ilarity betw een H E V , R V  and B N Y V V  (F igures 1 .4 .and 1 .1 2 .) located  
approxim ate ly  2 0 0  am ino acid residues dow nstream  o f  the m ethyltransferase dom ain  
w h ich  the authors entitled the 'Y ' dom ain. In  the polyproteins o f  H E V  and R V , the N  
term inus o f  the Y  dom ain overlaps the conserved m o tif  I I I  at the  C  term inus o f  the  
m ethyltransferase dom ain. In  R V  the Y  dom ain is found betw een am ino acid residues 
2 4 7  to  3 7 6  (nucleotides 77 8  to  1167 ).
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T H E  Y  D O M A IN S  O F  H E V ,  R V  A N D  B N Y V V  
(K o o n in  e t  a h , 19 9 2 )
FIGURE 1.12.
BNYW (507-743) 
HEV (216-442) 
RubV (247-376)
____IIIRVICHMSDGLGNGYNHVKS DNQTLLKHPILSSSKYNFAVEVDLTGRY**: **** * * * : : :: RWVTYEGDTSAGYNHDVSNLRSWIRTTKVTG----DHPLVIERVRAI
QVLPD-TAHPGRLYRCGP RLWTRDCAVA- -ELSWEVAQ
RubV
GCLATFRLTRVTGVKYVARTIKLRPEDRYVRVLDLLHIVRSIRLKGHAGLKEPYQ
** A* ; * j *** ; * •GCHFVLLLTAAPEPSPMPYVPYPRSTEVYVRSI-FGPGGTPSLFPTSCSTKSTFH * : * *: * : ** : HCGHQARVRAVRCTLPIRHVRSLQPSAR-VRLPDLVHLAEVGRWRWFS----
BNYW YFPVYKREVDTTVSYCFSIAEKSLTVQNIANFIRHHIGGVSLVNKEbVSAWRLNP* * i i :: :::* *:: : *HEV AVPAHIW— DRLKLFGATLDDQAFCCSRLMTYLRGISYKVTVGTLVANEGWNASE5* II *11 I ** 1*1 *! I I 1*11 *1***1!RubV -LPRPVF— QRMLSYCKTLSPDAYYSERVFKFKNALCHSITLAGNVLQEGWKGTC
BNYW QLVPSFAYAVYFYWNLRGELDGMLQKLMKKGITWADRLKANVSAFL.RDMVDPISii * * ; *  ; :** :* * *:
HEV DALTAVITAAYLTICHQR YLRTQAISKGHRRLER— EHAQKF------- IT*1**1 * ;* ** ; - ; 
RubV AEEDALC— AYVAFRAWQSN ARLAGIMKGAKCAAD-SLSVAGW------- LD
BNYW FLWTWLFERRLVDQIFQDGTDVFYQ
* j j ****• A A j * *
HEV RLYSWLFEKSGRDYIPGRQLEFYAQ• • 1 2  * 2 *RubV TIWDAI-KRFLGSVPLAERMEEWEQ
Alignment of Y domains of HEV, RV and BNYVV. Motif III comprising tlie C-fcrniinal extremity of the putative 
methylti’ansferase domain in H E V  and RV is designated. The region of highest similarity between the HEV and RV 
sequences revealed upon local similarity search is underlined. Stars indicate identical residues and colons indicate similar 
residues.
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1.3.2.2. The structural protein ORF
A s m entioned earlier, the subgenomic R N A  contains a single long O R F  w hich  
encodes a polypeptide o f  1063 am ino acids. This polypeptide is the precursor fo r the  
structural proteins (F ig u re  1 .3 .). T h e  order o f  the structural proteins w ith in  the 110 k D  
polypro te in  precursor is N H 2 -  C - E 2 - E 1  -  C O O H  (O k e r-B lo m  e t  a l . ,  1984 ). Thus  
the structural p ro te in  open reading fram e starts w ith  the C  p ro te in  gene at an A U G  
in itia tion  codon at nucleotide 77  (T a k k in e n  e t  a l , 1988 ). Seven codons dow nstream  
there is another in -fram e A U G  codon. I n  v i t r o  site-specific mutagenesis has shown that 
although both  A U G s  can function  as start codons, the first A U G  acts as the C  prote in  
translational start (C la rk e  e t  a l . , 1988; F rey  e t  a l . , 1989).
R V  capsid  p ro te in
T h e  capsid p ro te in  (C )  is 30 0  am ino acids long, unglycosylated and has a m olecular 
w eig ht o f  33 k D  (O k e r-B lo m  e t  a l ,  1983 ). T h e  C  protein  o f  R V  has a blocked am ino  
term inus, as do the C  proteins o f  S V  and S F V  (K a lkk inen  e t  a l ,  1984 , B oege e t  a l ,  
1 980 ). W h en  a b locked protein  is fo rm ed by the cleavage o f  a v ira l polyprotein  
precursor, the blocked product, is m ost o ften  located at the am ino term inus o f  the  
polyprotein . A s in  the C  proteins o f  S V  and S F V , the C  pro te in  o f  R V  contains clusters 
o f  p ro line and arginine residues at the am ino term inus, a region w h ich  is thus, highly  
hydrophilic  and w h ich  putative ly  interacts w ith  the v irio n  R N A  (G a ro ff  e t  a l ,  1980; R ice  
and Strauss, 1981; K a lkk in en  e t  a l , 1984 ). T h e  binding o f  such regions to  nucleic acids 
is thought to  take  place v ia  salt bridges fro m  the basic am ino acid side chains to  the  
phosphate group in nucleic acids (G a ro ff  e t  a l ,  1980 ). A t  the carboxy term inus o f  the  
R V  C  p ro te in  is a stretch o f  23 hydrophobic am ino acids w h ich  serves as the signal 
peptide fo r E 2  (H o bm an  and G illam , 1989; B aro n  e t  a l ,  1992).
T h e  coding sequence fo r the E 2  g lycoprotein  is located upstream  o f  the E l  coding  
sequence (F ig u re  1 .3 .). T h e  E 2  p ro te in  is 28 2  am ino acids long and is heavily  
glycosylated as judged  by the difference in  the m olecular w e ig h t o f  1 2 ,000  to  1 7 ,000  
betw een  fu lly  glycosylated E 2  in virions and E 2  from  tunicam ycin-treated  cells (O k e r-  
B lo m  e t  a l ,  1983; B o w d en  e t  a l ,  1985; C la rke  e t  a l ,  1988 ). A s m entioned earlier, it is 
translated fro m  one gene but m igrates as tw o  species designated E 2 a  (4 7 k D )  and E 2b  
(4 2 k D )  w h ich  appear to  d iffer only in  th e ir degree o f  glycosylation. Sequence analysis 
o f  various R V  strains has identified  potentia l N -lin k e d  glycosylation sites in the fo rm  o f  
asparagine -  X  - serine ( X  can be any am ino acid except p ro line) w ith in  the E 2  protein. 
T here  are fo u r potentia l glycosylation sites in the E 2  proteins o f  R V  strains Thom as, 
Therien , R A 2 7 /3  and M 3  3 but only three in  the H P V 7 7  R V  strain (A l-M u m in , 1991; 
F rey  and M a rr , 1988; N akhasi e t  a l ,  1989; Zheng  e t  a l ,  1989 ).
A t  the carboxy term inus o f  E 2  there are three hydrophobic regions 20 , 18 and 19 
am ino acids long (F rey  and M a rr , 1988 ). T h e  proxim al carboxy term inal sequence (2 0  
am ino acids) is the signal peptide o f  E l  (F rey  e t  a l ,  1986; H ob m an  e t  a l ,  1988 ). T he  
m iddle hydrophobic reg ion  (1 8  am ino acids) is the m ost hydrophobic o f  the three and is 
fo llo w e d  by a heptapeptide, five  o f  w hose mem bers are arginine. Th is  sequence has the  
features o f  a m em brane spanning dom ain w ith  a hydrophilic sequence on the cytoplasm ic  
side. T h e  ro le  o f  the distal hydrophobic reg ion  (1 9  amino acids) is unclear.
R V  E l  p ro te in
T h e  E l  protein  is 481 am ino acids long and has a m olecular w e ig h t o f  58 k D  F rey  e t  
a l ,  1986; O k e r-B lo m  e t  a l ,  1983 ). A ll R V  strains sequenced to  date have three  
potentia l N -lin k e d  g lycosylation sites in the E l  protein , at arginine residues 77, 177 and 
2 0 9  (F re y  e t  a l . ,  1986; C la rke  e t  a l . ,  1987; V id g re n  e t  a l. . , 1987; N akhasi e t  a l ,  1989; 
Z heng  e t  a l ,  1989 ). T h e  unglycosylated E l  has a m olecular w e ig h t o f  5 3 k D  (O k e r-  
B lo m  e t  a l . , 1983 ).
RV E2 protein
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A t  the carboxy term inus o f  the E l  protein , there is a stretch o f  22  uncharged amino  
acids w h ich  is highly hydrophobic and is thus thought like ly  to  serve as a transm em brane  
anchor w ith in  the v ira l envelope (F re y  e t  a l . ,  1986 ).
E l  has been show n to  m ediate m ost o f  the bio logical functions o f  the virus, such as 
haem agglutination and interaction w ith  host cell receptors, identified  on erythrocyte  
m em branes as being m em brane lip id  m olecules (W axh am  and W o linsky , 1985b; G reen  
and D o rse tt, 1986; M astro m arino  e t  a l . , 1989 ). E l  is also the site o f  the principal virus  
neutralisation dom ains (S ection  1 .4 .).
P rocess ing  o f  th e  s tru c tu ra l R V  p ro te in s
C leavage o f  the R V  structural polypro te in  i n  v i t r o  requires the presence o f  
m icrosom al mem branes, indicating that the C  prote in  lacks the autoprotease activ ity  o f  
the a l p h a v i r u s  C  prote in  (C la rk e  e t  a l ,  1987; H ah n  e t  a l ,  1985 ). In  a lp h a v i r u s e s ,  the  
E 2  m em brane p ro te in  signal peptide rem ains part o f  the E 2  protein  a fter autoproteolysis  
o f  the C  pro te in  (M e lan co n  e t  a l ,  1987 ). In  contrast, the signal peptide o f  the E 2  
g lycoprote in  in  R V  rem ains attached to  the C  protein  (Suom alainen e t  a l ,  1990; M a r r  e t  
a l ,  1991 ). T h e  signal peptide o f  the R V  E l  g lycoprotein  rem ains associated w ith  E 2  
fo llo w in g  cleavage betw een  E 2  and E l  (H o bm an  e t  a l ,  1 988 ). In  v ie w  o f  these 
findings, it  is thought that both  o f  the required internal cleavages are executed by signal 
peptidase in  the lum en o f  the endoplasm ic reticu lum  (O k e r-B lo m  e t  a l ,  1990 ).
I n  v i t r o  studies have shown that the C  prote in  o f  R V  rem ains m em brane associated 
due to  the presence o f  the E 2  translocation signal at the carboxy term inus (Suom alainen, 
e t  a l ,  1990 ). A lth o ug h  the significance o f  this m em brane association is not know n, it 
could p rovide the basis fo r  a m em brane associated assembly pathw ay fo r the  
nucleocapsid. O ther i n  v i t r o  studies have show n that the C  prote in  is found in the G o lg i 
com plex (w ith  E 2  and E l )  w hen  expressed w ith  E l  and E 2 , but w hen  expressed alone is 
found only in the endoplasm ic reticu lum  (B aro n  e t  a l ,  1992). Thus it m ay be that the
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R V  C  p ro te in  is capable o f  d irect in teraction w ith  E 2  o r w ith  the E 2 -E 1  heterodim er 
(see b e lo w ) perm itting  its co -transport out o f  the endoplasm ic reticulum .
E 2  is transported to  the G o lg i as a heterod im er w ith  E l  (B aro n  and Forsell, 1991). 
Transportation  o f  E 2  to  the G o lg i can occur w ith o u t E l  but is less effic ient and less E 2  
is detected at the cell surface (B aro n  e t  a l . ,  1992; H ob m an  e t  a l . ,  1990, 1993 ). In  
contrast, i f  the E l  p ro te in  is expressed alone, it is no t found at the cell surface (B aro n  e t  
a l ,  1992 ). Indeed, H ob m an  and colleagues (1 9 9 2 ) reported that the R V  E l  protein  is 
arrested in  a novel post-endoplasm ic re ticu Iu m /pre -G o lg i com partm ent w here the  
pro te in  is unstable, having a h a lf-life  o f  six hours (H obm an  e t  a l ,  1992; B aron  e t  a l ,  
1 992 ). M o re  recent w o rk  by H o b m an  and colleagues (1 9 9 3 ) dem onstrated that the E 2  
and E l  R V  glycoproteins are targeted to  the G o lg i com plex w h ere  they behave as 
in tegral m em brane proteins o f  the G o lg i. Thus, one or both o f  these proteins m ust 
contain a G o lg i re tention  signal. R V  has been reported to  bud fro m  intracellu lar 
m em branes in  some cell types and the findings o f  H obm an  and colleagues indicate that 
the  site o f  intracellu lar budding m ay be the G o lg i com plex (B ard e le tti e t  a l ,  1979; von  
B o n s d o rff and V ah eri, 1969 ).
I .3 .2 .3 .  R e la ted n ess o f  R V  to  o th e r  p o s itiv e -s tra n d  R N A  viruses
In  rep lication  strategy, R V  is sim ilar to  the a lp h a v i r u s e s .  In  R V  and a lp h a v i r u s e s ,  
the  5' tw o  thirds o f  the genom e encode the N S  proteins and the 3' one th ird  encodes the  
structural proteins. T h e  structural proteins o f  both  are translated fro m  a subgenomic  
m R N A . A s discussed earlier, sequences hom ologous to  three h ighly conserved regions 
o f  nucleotides am ong a l p h a v i r u s e s  w ere  found in  R V  genom ic R N A  by D om in gu ez and 
colleagues. H o w e v e r, only one short reg ion  o f  significant am ino acid hom ology (1 2 2  
am ino acids) w as detected w hen  the deduced am ino acid sequences o f  the genom ic  
R N A s  w ere  com pared, indicating that R V  and a lp h a v i r u s e s  are only distantly related  
(D o m in g u e z  e t  a l ,  1990 ).
31
W h e n  representative am ino acid sequences o f  the R N A -d e p e n d e n t R N A  polymerases 
o f  all groups o f  positive-strand R N A  viruses w ere  aligned, R V  w as surprisingly grouped  
in  the phylogenetic analysis w ith  H E V  and B N Y V V  (a  fu rov irus) w ith in  the larger so- 
called 'alpha-like' supergroup (K o on in , 1991 ). F urther analysis by K o o n in  and 
colleagues (1 9 9 2 )  showed that the N S  prote in  O R Fs o f  R V , H E V  and B N Y V V  retained  
sim ilar dom ain organisation, w ith  the exception o f  the relocation o f  the putative  protease  
dom ain  in  H E V  as com pared to  R V ,  and the absence o f  the protease and X  dom ains in  
B N Y V V  (F ig u re  1 .13 .).
I t  can be seen fro m  Figures 1.9 ., 1 .10 ., 1 .11 ., 1.12. and 1 .13 ., that these viruses 
encompass partia lly  conserved arrays o f  distinctive putative  functional domains, 
ind icating that these viruses m ay constitute a distinct m onophyletic  g roup w ith in  the  
alpha-like  supergroup.
1 .4 . A n t ig e n ic ity  o f  R V
R V  has haem agglutinating, com plem ent-fix ing, precip itating and p late let-aggregating  
antigens (S chm idt e t  a l ,  1969; rev iew ed  by H errm ann, 1985 ). K oboyashi (1 9 7 8 ) also 
dem onstrated that R V  has haem olytic  activity.
U s ing  m onoclonal antibodies (M a b s ), at least six distinct epitopes have been  
described on E l ,  fo u r on the nonglycosylated C  prote in  and one on E 2  associated w ith  
neutralisation (W a x h a m  and W o linsky , 1985b; G erna e t  a l ,  1987; G reen and D orsett, 
1986; H o -T e r ry  e t  a l ,  1986; W o lin sky  e t  a l ,  1991). F o u r E l  epitopes identified by  
W axh am  and W o linsky  (1 9 8 5 b ) are associated w ith  haem agglutination. O ne o f  these 
also exhibits neutralising activity. A  fifth  epitope is linked w ith  neutralisation, but not 
haem agglutinating activ ity . T w o  o f  three distinct E l  epitopes involved  in  
haem agglutination w h ich  w e re  described by G reen and D o rs e tt (1 9 8 6 )  are also 
associated w ith  neutralising activ ity . T h e  first epitopes to  be m apped on R V  w ere  three
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E l  epitopes described by H o -T e r ry  and colleagues (1 9 8 6 ) w h ich  exhibited  
haem agglutination and neutralisation activity. These w ere  localised into  a small 
antigenic region o f  40  residues betw een am ino acids 245  to  28 5  in the predicted am ino  
acid sequence o f  the g lycoprote in  E l  o f  the Judith R V  strain (T e rry  e t  a l ,  1988 , see 
Tab le  1 .3 .). Since the publication o f  this w o rk , a num ber o f  im m unodom inant domains 
have been m apped on the R V  structural proteins and these are summarised in Tab le  1.3. 
W ith in  the im m unodom inant regions o f  E l  defined by T e rry  e t  a l ,  the  essential parts o f  
B -c e ll epitopes have been identified by L o z z i and colleagues (1 9 9 0 ).
B io lo g ica l varia tion  in  R V  strains (discussed fu rther in  Chapters 4  and 5 ) has been 
reported. C om pared to  w ild  strains, attenuated strains show a lo w e r in fectiv ity  fo r  
rabbits, guinea pigs, gerbils, ferrets, m ice and m onkeys (O x fo rd  and P otter, 1970; 
Zygra ich , Peterm ans and H uygelen , 1971 ). W ild  and attenuated R V  strains also show  
differences in  p laque m orphology and bouyant density (Fogel and P lo tk in , 1969; O x fo rd  
and P o tte r, 1969 ). This varia tion  how ever, does not seem to  be reflected  antigenically. 
A  recent study em ploying a panel o f  28  m onoclonal antibodies in neutralisation, 
haem agglutination-inhib ition, enzym e im munoassay and indirect im m unofluorescence  
assays o f  five  w ild  type and fo u r attenuated strains showed no m ajor antigenic  
differences betw een these strains (B est e t  a l ,  1992 ).
1 .5 . T h e  disease
P rio r to  the in troduction  o f  vaccines, rubella epidemics occurred at intervals o f  six to  
nine years. In  1940, 1963 and 1965 a high incidence was reported in the U S A , the U K  
and A ustralia . L a te r  in  the U K , the R o ya l C ollege o f  Practitioners reported  outbreaks o f  
rubella  in 1978  to  7 9  and 1982  to  83. In  1978, over 1800 cases w e re  reported  in 
M anchester, and in 1979 over 1000  cases in  N ew castle .
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T h e  last m ajor epidem ic o f  rubella in the U n ited  States w as in 1964 /5  w hen  2 0 ,0 0 0  
infants suffered perm anent dam age fro m  i n  u t e r o  exposure to  rubella  (N C D C  report, 
1 969 ). T he  vaccine introduced in  1969 w as very  successful in reducing rubella  
incidence and its consequences (F ig u re  1 .14 .).
A cu te  rubella  in fection  causes a re latively  m ild  childhood disease w hich  usually 
results in  perm anent im m unity. H o w e v e r, in a small but significant portion  o f  the  
population , adult R V  infection m ay have m ore serious com plications. These include  
m aternal R V  infection  in  early pregnancy w h ich  alm ost invariably results in  severe birth  
defects (S ection  1 .5 .2 .), transient o r chronic arthritis o r o ther m usculoskeletal 
syndromes w h ich  m ay o r m ay not be com plicated by neurological factors (T in g le  e t  a l ,  
1985a, 1986 ). R V  in fection  has also been linked w ith  auto im m une disorders such as 
T y p e  I  diabetes m ellitus, m ultip le  sclerosis and panencephalitis (Forest e t  a l ,  1971; N a th  
and W o linsky , 1990; W o linsky , 1990 ). T h e  pathogenic ro le  o f  R V  in these conditions is 
p oorly  understood although it has been suggested that R V  persistence w ith  chronic  
antigenaem ia or m olecular m im icry betw een  R V  antigens and host tissues m ay be 
invo lved  (C h antle r e t  a l ,  1982; W o linsky , 1990, A tk ins  e t  a l ,  1990 ). T h e  
im m unodom inant reg ion  spanning am ino acid residues 2 4 4  - 263 (T a b le  1 .3 .) on the R V  
E 2  g lycoprote in  shows 80  per cent hom ology w ith  hum an m yelin  basic protein  
suggesting a potentia l im m unopathogenic ro le  by antigenic m im icry  fo r  the v ira l p rote in  
in  neurological auto im m une diseases such as rubella panencephalopathy and m ultip le  
sclerosis (W o lin sky , 1990; A tk ins  e t  a l ,  1990 ). A  sim ilar hypothesis has been proposed  
fo r  the v ira l capsid protein , C  in  T y p e  I  diabetes m ellitus. T h e  im m unodom inant 
dom ain spanning am ino acid residues 64  to  97  (T ab le  1 .3 .) on the C  p ro te in  contains 
an ep itope defined by a m urine m onoclonal antibody w h ich  cross-reacts w ith  a 5 2 k D  
m olecule fro m  ra t pancreatic islet tu m o u r cells (W o lin sky  e t  a l ,  1991 ). This 5 2 k D  
p rote in  m olecule is kn o w n  to  bind antibody fro m  both the sera o f  nonobese diabetic  
m ice that have spontaneously developed anti-islet cell antibodies and a proportion  o f  
hum an sera fro m  patients w ith  type I  diabetes m ellitus (K arounos and Thom as, 1990).
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D E C L I N I N G  IN C ID E N C E  O F  F O S T N A T A L L Y  A C Q U IR E D  A N D  
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I N  T H E  U S A  1966  -1 9 8 3  
(B u rk e  e t  a /., 1 9 8 5 )
FIGURE 1.14.
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1.5.1. Postnatally acquired infection
R ubella  has a w o rld w id e  d istribution and is endem ic in  tem perate  climates, w ith  
seasonal peaks occurring during spring and early summer. In fec tio n  is uncom m on in 
pre-school children, but outbreaks invo lv ing  schoolchildren and young adults liv ing  in  
institutions are com m on (B est and B anatvala, 1990).
In fec tio n  in trop ical countries such as A frica , In d ia  and C hina occurs at an earlier age 
than in  E u ro p e  o r N o r th  A m erica, although there is considerable regional varia tion  
(B u rk e  e t  a l . ,  1 985 ). In  G am bia  m ost children are already im m une by school age, 
whereas serological studies in Ghana, N ig e ria  and T on g a  have shown that 25  to  50  per 
cent o f  w o m en  o f  childbearing are still susceptible to  rubella. U K  im m igrants fro m  these 
countries m ight miss vaccination and could be at risk o f  acquiring rubella during  
pregnancy.
T h e  v im s  infects susceptible individuals v ia  the respiratory route  and nasopharyngeal 
secretions are the principal source o f  infection. A lthough  the in itia l events have not been  
elucidated, it is presum ed that fo llo w in g  infection, the v im s  replicates in the  
nasopharyngeal m ucosa and fro m  here passes v ia  the lym phatic system into  the b lood, 
causing transient v iraem ia  (G reen  e t  a h ,  1965 ). This results in w idespread dissemination  
o f  the v im s  w hich  can be isolated fro m  the b lood, nasopharynx, urine, stool, synovial 
flu id , skin, cervix  and lym ph nodes (H eg g ie , 1978).
R V  has a 14 to  21 day incubation period, a fter w hich  the characteristic features o f  
rash and lym phadenopathy m ay appear. R V -s p e c ific  sem m  Ig M , Ig G  and Ig A  develop  
rap id ly  after the onset o f  rash (M e e g a n  e t  a l ,  1983; Enders, 1985; O 'Shea e t  a l ,  
1985 ). Joint pains and in flam m ation  develop very  frequently fo llo w in g  natural rubella  
in fection  (H e g g ie  and R obins, 1969; G raham e e t  a l ,  1983). In  some patients arthritis  
m ay persist or recur over several years (C hantler e t  a l ,  1981; T in g le  e t  a l ,  1986).
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A cu te  arthropathy also occurs fo llo w in g  vaccination but at a reduced frequency to  that 
seen after natural rubella  infection. T h e  incidence o f  jo in t m anifestations has been 
observed to  increase progressively w ith  age at the tim e o f  in fection (W ie b e l e l  a l . , 1 972 ) 
and to  occur m ore frequently  in fem ales ( o f  w h o m  m ost are postpubertal) than in males 
(T in g le  e t  a l ,  19 8 6 ). T h e  occurence o f  chronic or recurrent jo in t m anifestations after 
rubella  in fection  has been less w e ll recognised. Increasing reports o f  chronic o r  
recurrent arthropathy postrubella (C h an tle r e t  a l ,  1982; T in g le  e t  a l ,  1985a, 1986; 
Spruance e t  a l ,  1 9 7 7 ) coupled w ith  recovery  o f  R V  from  peripheral b lood m ononuclear 
cells in  these individuals (C h antle r e t  a l ,  1981; T ing le  e t  a l ,  1 9 8 5 a ) have provided  
strong evidence to  link  persistent m b e lla  in fection and chronic jo in t disease. A rth ra lg ia  
m ay be the result o f  d irect v ira l invasion o f  the synovium , since the virus has been  
isolated fro m  jo in t aspirates o f  vaccinees in both acute and chronic phases (O g ra  and 
H e rd , 1971; W e ib e l e t  a l ,  1969 ). H o w e v e r, the detection o f  R V -s p e c ific  Ig G  in jo in t  
aspirates and im m une com plexes in the sera o f  affected vaccinees suggests that im m une  
mechanisms are m ore like ly  to  be involved.
T h e  m ost serious com plication  o f  natural rubella in fection is postinfectious  
encephalopathy o r encephalom yelitis w h ich  is estimated to  occur in one per 6 0 0 0  cases 
(B ech ar e t  a l ,  1982; W axh am  and W o linsky , 1984). T h e  sym ptom s include headache, 
vom iting , s tiff  neck and generalised convulsions but in contrast w ith  measles, the  
prognosis is good. T h e  virus appears to  have the capacity to  invade the m ature  central 
nervous system (C N S ) as the virus has been isolated fro m  youngsters w ith  typical 
rubella  encephalopathy (S quadrin i e t  a l ,  1977 ).
1 .5 .2 . C o n g e n ita lly  a c q u ire d  in fe c tio n
D u rin g  1970  to  1987 , 17 years after the in troduction  o f  m bella  vaccination the  
num ber o f  reported  congenital rubella cases dropped from  2.3 per 1 0 0 ,0 0 0  to  0.1 per 
10 0 ,0 0 0  in the U n ite d  States, representing a 96  per cent decline (C enters  fo r  D isease
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C on tro l, 1989). B e fo re  the in troduction  o f  vaccination in 1970  in the U K , 2 0 0  -  300  
children w ere  born  each year w ith  congenital defects due to  rubella in fection (Peckham , 
1 9 8 5 ). Subsequently, there has been a significant decline in  the num ber o f  cases 
(A nderson  and G renfe ll, 1985 ).
M a te rn a l rubella contracted in the first trim ester alm ost invariab ly results in foetal 
in fection  leading to  foetal death and spontaneous abortion; o r delivery  o f  a severely 
m alform ed infant. C lin ical consequences o f  congenital rubella syndrom e (C R S ) include  
foeta l deafness, cataract, congenital heart disease and m ental retardation . In  the rubella  
pandem ic o f  1964  to  1965 in  the U S A , 2 0 ,0 0 0  infants w ere  born w ith  C R S  (B a rt e t  a l ,
1 985 ). U p  to  80  per cent o f  the infected foetuses w ere  abnorm al w ith  sporadic foci o f  
cellu lar dam age in  the heart, inner ear, lens and skeletal muscles. T h e  clinical features o f  
C R S  have been categorised into  transient, developm ental o r perm anent by C oo p er  
(1 9 7 5 )  (T a b le  1 .4 ). T h e  transient features usually present during the first fe w  w eeks o f  
life  and do not recur. D eve lopm enta l defects m ay take  m onths or years before becom ing  
apparent, bu t persist indefinitely. O f  the perm anent features, cardiovascular and ocular 
defects p rovide the greatest problem s. C ard iac defects are responsible fo r m uch o f  the  
perinatal m o rta lity  associated w ith  congenitally acquired rubella. Serological studies 
show  there is a high incidence o f  infants also infected as a result o f  m aternal rubella  
contracted a fter the first trim ester, R V -s p e c ific  Ig G  being detected in 25  to  33 per cent 
o f  infants w hose m others had rubella  betw een w eeks 16 and 2 0  o f  pregnancy (C ra d o c k -  
W atso n  e t  a l ,  1980 , F igure  1 .1 5 .). A s organogenesis is com plete by 12 w eeks, and in  
the m ore m ature foetuses im m une responses m ay lim it o r term inate  infection, such 
infants rare ly  have severe or m ultip le  defects. T h e  only abnorm alities com m only  
associated w ith  post-first trim ester rubella  are deafness and retinopathy (B est and 
B anatvala , 1990, F igure  1 .16 .).
F o llo w in g  intrauterine in fection  in  early pregnancy, R V  persists th roughout gestation  
and can be isolated from  m ost organs obtained at autopsy fro m  infants w h o  die in early
40
C L I N I C A L  F E A T U R E S  A S S O C IA T E D  W I T H  C O N G E N I T A L L Y
TABLE 1.4.
A C Q U IR E D  R U B E L L A  
(C o o p e r , 1 9 7 5 )
Common Uncommon
Transient Low birth weight 
Thrombocytopenic purpura 
Hepatosplenomegaly 
Bone lesions 
Meningoencephalitis
Cloudy cornea 
Hepatitis
Generalized lymphadenopathy 
Haemolytic anaemia 
Pneumonitis
Developmental Sensorineural deafness 
Peripheral pulmonary stenosis 
Mental retardation 
Central language defects 
Diabetes mellitus
Severe myopia 
Thyroiditis 
Hypothyroidism 
Growth hormone deficiency 
‘Late onset disease*
Permanent Sensorineural deafness
Peripheral pulmonary stenosis
Pulmonary valvular stenosis
Patent ductus arteriosus
Ventricular septal defect
Retinopathy
Cataract
Microphthalmia
Psychomotor retardation
Microcephaly
Cryptorchidism
Inguinal hernia
Diabetes mellitus
Severe myopia 
Thyroid disorders 
Dermatoglyptic abnormalities 
Glaucoma
Myocardial abnormalities
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FIGURE 1.15.
IM M U N E RESPONSES IN  CONGENITALLY
A C Q U IR E D  R U B E L L A  
(H e r r m a n n , 1 979 )
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FIGURE 1.16.
C LIN IC A L MANIFESTATIONS OF CONGENITAL RUBELLA AND T IM E  OF
M A T E R N A L  I N F E C T IO N  
(B a n a tv a la  an d  B est, 1 9 9 0 )
T h is  F ig u re  is e x tra p o la te d  fro m  C o o p e r e t  a h , 1969
43
infancy w ith  severe and generalised infections. C ell cultures derived from  i n  u t e r o  
in fected foeta l o r new  born tissues readily  develop into  chronically infected carrier 
cultures that cannot be cured i n  v i t r o  w ith  R V  antisera (R aw ls  e t  a l . , 1968 ). These  
cultures showed slow  g ro w th  rates and reduced survival. T h e  reduced g ro w th  rate o f  
R V -in fe c te d  cells has been correlated w ith  the presence o f  a virus coded an ti-m ito tic  
pro te in  (P lo tk in  and V aheri, 1967 ). B o w d en  and colleagues (1 9 8 7 )  also observed that 
in V e ro  and B H K 2 1  cells, during R V  infection, actin m icro-filam ents progressively  
disintegrated during R V  infection. Since actin m icro-filam ents m ay p lay a ro le  in cell 
m itosis, they suggested that this effect m ay be related to  inhib ition o f  cell division. I t  has 
also been shown that hum an em bryonic cells persistently infected w ith  R V  i n  v i t r o ,  
display an altered responsiveness to  the g ro w th  prom oting  properties o f  epiderm al 
g ro w th  factor, as w e ll as a decreased capacity o f  collagen synthesis (Y o n e d a  e t  a l . ,
1 986 ). Thus, it is probable that noncytopathic R V  infection o f  selected em bryonic cell 
types i n  u t e r o  upsets the norm al delicate balance o f  cellu lar g ro w th  and d ifferentiation  
and has profound effects on organogenesis. I f  this happens during the critical phase o f  
organogenesis it is like ly  that the organ w ill contain few er cells than norm al w hich w ill 
lead to  m ultip le  developm ental defects.
A uto im m une disorders such as T y p e  I  diabetes m ellitus, chronic lym phocytic  
thyro id itis , Addison's disease, pernicious anaem ia and g ro w th  horm one fa ilure  have  
also been reported  fo llo w ing  congenital rubella infection (Z ir in g  e t  a l ,  1975, 1977; 
Forrest e t  a l ,  1971; Preece e t  a l ,  1977).
1 .5 .3 . R e in fe c tio n
N a tu ra l in fection  is fo llo w e d  by a very  high order o f  p ro tection  from  reinfection. 
Indeed, rubella re infection occurs m ore frequently  in vaccinated subjects (H orstm ann  e l  
a l ,  1970 ). W h e n  reinfection does occur, it  is generally asym ptom atic, m anifested solely 
by an increase in  the serum o f  R V -s p e c ific  high avid ity  Ig G  ( lo w  avid ity  Ig G  indicates
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recent p rim ary in fection ) but little  o r no R V -sp ec ific  Ig M  (M o rg a n -C a p n e r and Thom as,
1 988 ). M a te rn a l re infection  is only hazardous during pregnancy i f  v iraem ia occurs. 
A lth o u g h  the risk o f  congenital in fection  fo llo w in g  m aternal reinfection  is considered to  
be ve ry  lo w , recent reports suggest that the risks m ay be higher than in itia lly  thought 
(M ille r , 1990; M o rg a n -C a p n e r e t  a l ,  1991 ). C ontrary  to  the findings o f  studies in  w h ich  
no cases o f  congenital in fection  w ere  found (C rad o ck -W atso n  e t  a l . , 1981; M o rg a n -  
C apner e t  a l . , 1 9 8 5 ), in  1991 M o rg a n -C a p n e r e t  a l  reported an observed risk o f  foeta l 
in fection  o f  30  per cent in  m others w h o  had a re infection during the firs t 12 w eeks o f  
pregnancy. O th er cases o f  congenital rubella resulting fro m  reinfection  during  
pregnancy, a lthough fe w  in num ber, have been reported (E ila rd  and Strannegard, 1974; 
Forsgren  e t  a l . , 1979; L ev in e  e t  a l . , 1982 ). Fu rth er studies w ill be required  before the  
precise risk o f  a ib e lla  re infection in  pregnancy is know n.
1 .6 . S c re e n in g  a n d  d ia g n o s tic  tech n iq u es .
A lth o ug h  virus isolation  is rare ly  used fo r  the diagnosis o f  postnatally acquired  
rubella, it  is useful in  confirm ing congenitally acquired rubella and fo r  determ ining the  
duration  o f  v im s  excretion  in  such infants. In  cases o f  postnatally acquired rubella and 
in  infants w ith  congenital rubella, R V  can be isolated from  respiratory secretions, b lood, 
u rine and stools. Since v im s  excretion  is transient in urine and stools, in postnatally  
acquired cases the m ost useful specimen fro m  cases o f  both  postnatally and congenitally  
acquired m b e lla  is a th roat swab collected in balanced salt solutions containing one per 
cent bovine sem m  album in and antibiotics. V im s  m ay also be isolated from  cataract 
m ateria l, lens, flu id , tears, cerebrospinal flu id  and autopsy m ateria l fro m  cases o f  
congenital m bella . V im s  isolation is perform ed as described by B est and O 'Shea (1 9 8 9 ). 
R ubella  cannot be accurately diagnosed clin ically because it  is o ften  confused w ith  
measles, scarlet fever o r rash caused by enterovim s, parvovirus, adenovirus, 
cytom egalovirus and E p s te in -B arr virus infections as w e ll as drug reactions or 
m ycoplasm a in fection  (B akshi and C ooper, 1990). Serological techniques w hich
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provide  results m uch m ore quickly  than v im s  isolation, p lay an im portant part in the  
diagnosis o f  postnatally and congenitally acquired rubella and have to  a large extent 
replaced virus isolation in diagnosis.
1 .6 .1 . S ero lo g ica l tech n iq u es .
T h e  neutralisation test is used to  determ ine a rise in antibody titre  but this technique  
is tim e  consum ing and has been replaced by haem agglutination inh ib ition  ( H I )  and single 
radial haemolysis (S R H ) w h ich  are m ore rapid  and reliable (B est and B anatvala, 1990 ). 
T h e  new er highly sensitive enzym e-linked im munoassay (E L IS A )  and 
radioim m unoassays (R IA )  are how ever, superceding H I  and S R H  tests in some 
laboratories.
1 .6 .1 .1 . H a e m a g g lu t in a tio n  In h ib i t io n  ( H I )
T h e  H I  test is used fo r  titra ting  antibody fo r diagnostic purposes. F o llo w in g  
incubation o f  R V  haem agglutinin w ith  serial dilutions o f  a patients serum, ind icator 
erythrocytes are added. I f  haeinaglutination occurs, this indicates that no R V -s p e c ific  
H I  antibodies are present. A  significant rise in  antibody titre  can o ften  be detected by H I  
w ith in  5 to  7 days, a lthough the response m ay occasionally be delayed, in w h ich  case it 
m ay be neccesary to  test additional samples at 3 to  4  day intervals. A lthough  H I  
antibodies m ay be present during the acute phase o f  the illness, antibody response by 
S R H , C F  and the Ig G  response detectable by E L IS A  m ay be delayed. T h e  H I  test is 
how ever, technically m ore dem anding than new er tests and fa ilure  to  adequately rem ove  
b eta-lipopro te in  inhibitors by pretreatm ent o f  the test sera w ith  kao lin , erythrocytes, 
bacteria o r dextran  sulphate can lead to  innaccuracies (K aw an o  e t  a l . , 1987 ).
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I.6 .I.2 . Single radial haemolysis (SRH)
S R H  is a w id e ly  used test in U K  and Scandinavian laboratories fo r  the antibody  
screening o f  adult w o m en  to  determ ine th e ir im m une status and ascertain w hether 
vaccination is required. S R H  plates contain R V  antigen w h ich  has been absorbed to  
erythrocytes ('sensitised' erythrocytes), com plem ent and agarose. Patients serum is 
placed in w ells w ith in  the plates and a llow ed to  diffuse out in to  the m edium . R V -  
specific antibody present in the test serum binds to  the R V  antigen attached to  the  
surface o f  the erythrocytes and produces com plem ent m ediated cytolysis w h ich  is seen 
as a clear zone o f  haemolysis round the w ell. T h e  size o f  this zone is com pared to  the  
zone surrounding a standard serum (1 5  IU /m l) . I f  the zone is larger than that produced  
by the standard serum, the person is considered im m une and there fore  not in need o f  
vaccination. False positive results over 15 I U  (international units) should not be obtained  
provided that a contro l p late w ith o u t R V  antigen is used to  check fo r  nonspecific  
haemolysis. S R H  has largely replaced H I  as a screening test in  the U K  because it is 
quicker, less labour intensive and is m ore reliable (B est and B anatvala, 1990 ).
1 .6 .1 .3 . M - A n t ib o d y  c a p tu re  ra d io im m u n o a s s a y  ( M A C R I A )
F o r  the detection o f  R V -s p e c ific  Ig M , m ost laboratories in the  U K  n o w  use 
M A C R IA .  This test is com m ercially  available and em ploys a solid-phase coated w ith  
anti-hum an Ig M  w h ich  is sequentially incubated w ith  the test serum, R V  antigen and 
a n ti-R V  antibody labelled w ith  io d in e -125. This technique is used to  test large numbers  
o f  sera and is less labour intensive than H I  and S R H  tests.
1 .6 .1 .4 . E n z y m e -L in k e d  Im m u n o a s s a y  ( E L IS A )
E L IS A  is also used fo r antibody screening. A  num ber o f  com m ercial tests are 
available, but E L IS A  tests have been developed in the laboratory to  detect lo w  levels o f
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Ig G  antibody (V o lle r  and B id w e ll, 1975 ). Ig G  antibody levels in test serum can be  
titra ted  by testing dilutions o f  the serum bound to  constant levels o f  antigen. E L IS A  is 
very  sim ilar to  M A C R IA  except that the antihum an Ig G  o r Ig M  w h ich  binds to  the  
corresponding class o f  a n ti-R V  antibody is conjugated w ith  an enzym e w h ich  
subsequently causes a co lour change in  the reaction w hen  substrate is added. E xpertise, 
carefu l tim ing  and stringent controls are necessary. This test how ever, m ay not g ive  
reproducib le results w hen  sera contain lo w  levels o f  antibody (B est and B anatvala, 
1990 ). D esp ite  this, sera fro m  patients w hose im m une status is d ifficu lt to  determ ine by  
H I  o r S R H  m ay have a c lear-cut result by E L IS A .
1 .6 .2 . M o le c u la r  b io lo g y  tech n iq u es
In  1986 , T e rry  and colleagues isolated a virus fro m  a chorionic villus biopsy taken at 
12 w eeks gestation fo llo w in g  R V  in fection  in  very  early pregnancy. T h e y  detected the  
presence o f  virus by nucleic acid hybridisation to  a R V  c D N A  probe. A lth o ug h  very  
sensitive, false negatives occurred w ith  this m ethod (H o -T e rry  e t  a l . , 19 8 8 ). A  num ber 
o f  reverse transcription (R T )-p o lym erase  chain reaction (P C R ) techniques fo r detecting  
R V  R N A  in clin ical specimens have since been described and w ill be referred  to  in m ore  
detail in C hapter 6. This test is extrem ely  sensitive. In  detecting R V  R N A  in cells 
in fected i n  v i t r o , E ggerd ing  and colleagues estim ated that R V  w as detected in samples 
contain ing as little  as 5fg  o f  to ta l cytoplasm ic R N A . T h e  P C R  its e lf w ill be discussed in 
m o re  detail in Section 1.8.
1 .6 .3 . D iag n o s is  o f  c o n g e n ita lly  a c q u ire d  ru b e lla  
P o s tn a ta l tests
D iagnosis o f  congenital acquired rubella  cannot be established by clinical findings  
alone but can be confirm ed by:
a) D e te c tio n  o f  R V -s p e c ific  Ig M  in  serum samples obtained early in infancy.
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b ) D e te c tio n  o f  persistent R V  Ig G  antibody in the infant (so that they are present at a 
tim e  w hen  beyond w h ich  m aternal antibodies are usually no longer detected  
(ap prox im ate ly  6 m onths o f  age)).
c ) Iso la tio n  o f  R V  fro m  the infant during early infancy.
P re n a ta l tests
Pregnancy is term inated  after rubella  in fection  because o f  the probab ility  rather than  
the certainty o f  foeta l dam age. I f  prenatal diagnosis could be done early and quickly  it 
w o u ld  prevent unneccesary abortions. F oeta l in fection could possibly be confirm ed by:
a) D e te c tio n  o f  R V -s p e c ific  Ig M  antibodies in foeta l serum in  early pregnancy. 
H o w e v e r, this m ethod cannot be used until the 22nd  w e e k  o f  gestation and even at 23  
w eeks gestation fa lse-negative results have been reported (D a ffo s  e t  a l ,  1984; M o rg a n -  
C apner e t  a l ,  1985; G rang eo t-K ero st e t  a l ,  1988 ). This means th a t patients w o u ld  
have to  w a it fo r w h a t m ight be an unacceptably long tim e  fo r  a diagnosis to  be 
established and there w o u ld  be little  tim e  to  consider term ination. Thus, this m ethod is 
not suitable fo r diagnosing firs t trim ester infections w hen the risk o f  foeta l deform ities is 
highest (M ille r  e t  a l ,  1982 ).
b ) V iru s  isolation fro m  the am niotic  flu id . T h e  reliab ility  o f  this technique fo r the  
diagnosis o f  foeta l in fection  has how ever, not been established. T h e  tim e taken to  
iso late v irus and the lack o f  expertise in laboratories w o u ld  also create d ifficulties.
c ) T h e  detection  o f  R V  antigen o r nucleic acid in biopsy specimens. In  1986 , T e rry  and 
colleagues detected v ira l antigen by im m unoblotting  and v ira l nucleic acid by dot b lo t 
hybridisation w ith  a R V  c D N A  probe in  a chorionic villus biopsy taken  at 12 w eeks  
gestation. A lth o ug h  hybridisation is fa r qu icker than virus isolation, it has a sensitivity  
o f  about 1 to  2 pg o f  v ira l R N A  and fo r  the smallest chorionic villus samples this m ay be
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insufficient. T h e  lack o f  sensitivity o f  this m ethod w as confirm ed by H o -T e r ry  and 
colleagues (1 9 8 8 )  w h o  found  it gave false-negatives. In itia l studies com bining reverse 
transcrip tion  (R T )  -  P C R  and Southern b lo tting  to  am plify and detect R V  R N A  from  
clinical m ateria l during the first trim ester indicate that this system is extrem ely sensitive 
and capable o f  producing unequivocal results (H o -T e rry  e t  a l . , 19 9 0 ). T h e  use o f  R T -  
P C R  com bined w ith  Southern b lo tting  as a diagnostic test fo r R V  in fection  w ill be 
discussed in greater detail in  C hapter 6.
1 .7 . V acc in es
Several attenuated R V  strains w ere  developed and reached clinical trials betw een  
1965 and 1967 , a fter the 1962  to  63 m ajor outbreak in  E urop e  w h ich  spread to  the U S  
in 1964  to  65  (M e y e r e t  a l ,  1969; P rinzie  e t  a l ,  1969; P lo tk in  e t  a l ,  1969 ). This  
outbreak resulted in  m ore than 6 ,2 5 0  cases o f  spontaneous abortion  and 5 ,0 0 0  
therapeutic  abortions (S erdu la  e t  a l ,  1984 ). In  1969 to  70  rubella  vaccines entered into  
com m ercial use and since th e ir in troduction  the incidence o f  congenital rubella  has 
declined rem arkably in the U S  and the U K .
1 .7 .1 . V acc in es  a v a ila b le
R ubella  vaccines w ere  licensed in  the U S A  and the U K  in 1969  and 1970  
respectively. D eta ils  o f  the derivation  and passage history are in Tab le  1.5. H P V 7 7 -  
D E 5  (M e ru v a x ), C endehill (C en devax) and R A 2 7 /3  (A lm e v a x ) vaccines all have product 
licences in the U S A  and R A 2 7 /2  and Cendehill are licensed in  the U K . O f  these 
how ever, R A 2 7 /3  is the only one currently  in  use in  the U S  and the U K .
1 .7 .2 . V a c c in e  polic ies
T h e  U S  and U K  vaccination policies w ere  until recently, directed principally tow ards
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T A B L E  1.5. 
A T T E N U A T E D  R U B E L L A  S T R A IN S
Vaccine
HPV77 
HPV77-DE5 
Cendehill 
R A 27/3 
To-336
Matsuura*
(B a n a tv a la  an d  B est, 1 990 )
Strain derivation
Army recruit with rubella (1961) 
As above
Urine from a case of postnatally 
acquired rubella (1963)
Kidney of rubella-infected fetus 
(1964)
Pharyngeal secretion of child with 
postnatally acquired rubella. 
Toyama, Japan (1967)
Throat washing from patient in 
Osaka (1966)
Attenuation 
(no of passages)
Vervet monkey kidney (77)
Vervet monkey kidney (77); 
duck embryo (5)
Vervet monkey kidney (3); 
primary rabbit kidney (51)
Human embryonic kidney (4); 
Wl-38 fibroblasts (17-25)
Vervet monkey kidney (7); 
primary guinea-pig kidney 
(20); primary rabbit kidney (3)
VMK (14); Chick amnion (65); 
Japanese quail embryo fibro­
blast cells (11)
Reference
Parkman el al. 1966 
Meyer et al. 1966
Buynak et al. 1968
Peetermans and Huygelen 
1967; Martin du Pan et al. 1968
Plotkin et ai 1967. 1968
Takeda Chemical Co . Osaka. 
Japan (personal communi­
cation 1971)
Minehawa et al. 1973
* Three oiher rubella vaccines - Matsuba. DCRB 19. Takahashi - have also been licensed in Japan (Shishido and Ohtawara 1976, Perkins 
1985).
different groups. In  the U S , the program m e w as directed m ainly at prepubertal children  
o f  bo th  sexes w ith  the aim  o f  substituting vaccine-induced in fection  fo r  naturally  
acquired disease, thereby reducing the risk o f  children transm itting rubella  to  pregnant 
w om en. H o w e v e r, assessment in  1977  to  78  showed that, a lthough the program m e was  
having an im pact on rubella in  children, the rubella rates in those o lder than 15 years was  
not substantially d ifferen t fro m  prevaccination rates (P reb lud  e l  a l ,  1980 ). 
Consequently, program m es to  increase vaccine uptake to  adolescents and adults w ere  
increased. T h e  success o f  this vaccine po licy in the U S  has been dram atic  (F igure  
1 .1 7 .). T h e  num ber o f  reported  cases o f  rubella  betw een 1969 and 1988  decreased by  
99  per cent. T he  high vaccine uptake by children in the U S A  is a reflection  o f  the fact 
that U S  children receive the com bined m easles-m um ps-rubella vaccine and that children  
cannot enter p rim ary school unless they have p ro o f o f  vaccination.
In  the U K , in  contrast to  the U S , selective vaccination o f  prepubescent girls was  
adopted in  order to  p ro tect them  in fu tu re  pregnancies. T h e  p rogram m e w as later  
extended to  postpartum  vaccination  o f  w o m en  found to  be seronegative w h ile  attending  
fam ily  planning and antenatal clinics. A lth o ug h  slow  to  achieve a high vaccine uptake  
rate  am ongst schoolgirls in  the U K , the overall uptake rate is n o w  alm ost 90  per cent. 
T h e  uptake  rate does how ever, vary  and is m uch lo w er in  some districts. Since m any  
susceptible individuals rem ained, in 1988, the rubella vaccination program m e was  
revised in the U K  by offering  rubella  vaccination to  preschool children o f  both sexes 
(C la rk e  e t  a l , 1983 ). R ubella  is n o w  given w ith  measles and m um ps as part o f  a 
com bined vaccine, as is current practise in  the U S .
In  1982 , Sw eden adopted a tw o -s tag e  vaccination scheme invo lv ing  the use o f  the  
m easles-m um ps-rubella ( M M R )  vaccine at tw o  ages: 18 m onths and 12 years 
(C hristenson e t  a l ,  1983 ). A n  uptake level o f  88 per cent w as achieved in schoolgirls 
and an even h igher rate am ong o ther children. Som e problem s w ith  seroconversion  
fo r  m um ps and measles w ere  reported  in schoolgirls, but rubella vaccination  gave good
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FIGURE 1.17.
DECLINING INCIDENCE OF POSTNATALLY ACQUIRED AND
C O N G E N I T A L L Y  A C Q U IR E D  R U B E L L A  I N  T H E  U S A .
1966  -  1988  
(C e n te rs  fo r  D isease C o n tro l, 1 989 )
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results in both  age groups (B o ttig e r e t  a l ,  1985).
T h e  R A 2 7 /3  vaccine strain was in  use in E urop e  fo r about ten  years before it was  
licensed in  the U S  and in 1985 it w as reported  to  be the m ost w id e ly  used vaccine  
th roughout the w o rld  (Perkins, 1985). T h e  relatively  rapid attenuation  o f  this R V  strain 
(T a b le  1 .5 .) m ay be attributable to  the use o f  cold adaptation and indeed the high  
im m unogenicity  m ay be attributable to  the lo w  num ber o f  passages required to  attenuate  
(P lo tk in  and B user, 1985).
1 .7 .3 . Im m u n e  responses
M o s t im m unogenicity  studies have em ployed the H I  test w h ich  measures 
haem agglutination-inhib ition  responses. H o w e v e r, neutralisation responses m ay be o f  
greater b io log ical im portance. 95 per cent o f  R A 2 7 /3  vaccinees show  seroconversion by  
21 to  28  days postvaccination by the H I  test (P lo tk in  e t  a l ,  1973; H illa ry  e t  a l ,  1969; 
B user and N ico las , 1971 ). A pp ro x im ate ly  five  per cent fa il to  seroconvert fo r  
unexplained reasons and although m ost respond to  revaccination, a fe w  m ay fa il to  
respond or respond poorly . This m ay be due to  preexisting lo w  levels o f  antibody that 
neutralise the vaccine virus but w h ich  m ay be undetectable by H I  o r S R H  (V aananen  e t  
a l ,  1986 ).
T h e  m ajo r classes o f  R V -s p e c ific  antibodies can be detected in the serum o f  m ost 
vaccinees shortly a fter adm inistration o f  rubella vaccines and antibodies persist at levels 
higher than 1 5 ,0 0 0  IU /1  in m ost vaccinees fo r at least 21 years (O 'S hea e t  a l ,  
1 9 8 2 ,1 9 8 8 ; C hu e t  a l ,  1988 ). In  approxim ately ten per cent o f  vaccinees, how ever, the  
levels o f  R V  antibodies decline to  be lo w  1 5 ,000  IU /1  w ith in  five  to  e ight years and some 
m ay becom e com pletely  seronegative (O 'S hea e t  a l ,  1982; B a lfo u r and A m ren , 1978; 
Enders 1985 ). Specific Ig G  can first be detected ten  to  21 days postvaccination and 
reach m axim um  levels at about six m onths post vaccination. R V -s p e c ific  Ig M  can be
54
detected three to  eight w eeks postvaccination and also at six months postvaccination in  
7 2  per cent o f  vaccinees. L o w  levels m ay occasionally persist fo r up to  fo u r years  
(B u rk e  e t  a l , 1985 ). Specific Ig A  antibodies are detected in  the serum but decline m ore  
rap id ly  than specific Ig G . R A 2 7 /3  also induces R V -sp ec ific  secretory Ig A  antibodies in 
the nasopharynx. A lth o ug h  such responses are higher after intranasal vaccination, the  
m ore com m only used subcutaneous rou te  o f  vaccination also induces them  (P lo tk in  e t  
a l , 1973; O g ra  e t  a l ,  1971 ). This nasopharyngeal Ig A  response has been shown to  
persist fo r  up to  five  years (O 'S hea e t  a l , 1985).
C e llu la r im m une responses have also been detected fo r  up to  nine years 
postvaccination (R ossier e t  a l ,  1981; B u im o v ic i-K le in  and C ooper, 1985 ). A ntibody  
and cellu lar im m une responses are generally lo w e r than after natura lly  acquired infection  
(C rad d o ck -W atso n  e t  a l ,  1974; B u im o v ic i-K le in  and C ooper, 1985; O 'Shea e l  a l ,  
1985 ).
1 .7 .4 . R e in fe c tio n
R ubella  vaccine studies indicate that reinfection, as dem onstrated by an increase in  
antibody levels, is m ore like ly  to  occur i f  im m unity is vaccine-induced rather than  
naturally  acquired (F o ge l e t  a l ,  1978; H a rc o u rt e t  a l ,  1980; O 'Shea e t  a l ,  1983 ). T h e  
reinfection  rate o f  H P V -7 7  and C endehill vaccinees is m uch h igher than that am ong  
R A 2 7 /3  vaccinees (H orstm ann  e t  a l ,  1970; Fogel e t  a l ,  1978; H a rc o u rt e t  a l ,  1980). 
V ira e m ia  has only occasionally been detected in  vaccinees w h o  have been reinfected  
natura lly  o r experim entally. O 'Shea and colleagues found that reinfection  w as rare in  
those w ith  natural im m unity  o r w ith  significant titres (g reater than 15 IU )  o f  R V  
antibody fro m  previous vaccination but w as frequent in vaccinees w ith  lo w  titres (less 
than 15 IU ) .  T h e  significance o f  re infection is ho tly  debated and although there is no 
doubt it occurs, the risk o f  transm ission to  a foetus o f  a vaccinee is disputed. Som e  
studies rep o rt that re infection  leads only to  an Ig G  booster response w ith  no Ig M
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response (B u tle r e t  a l . , 1981 ). C ontrastingly, in another study, Ig M  antibodies have  
been detected, suggesting significant v ira l replication (M o rg a n -C a p n e r e t  a l , 1985 ). 
C lin ica l rubella  has been reported  during reinfection in both  naturally  im m une individuals  
and vaccinees (M o rg a n -C a p n e r e t  a l . , 1991; Forrest e t  a l ,  1 972 ). M a te rn a l re infection  
during pregnancy is discussed in m ore  detail in Section 1 .5 .3 .
1 .7 .5 . V a c c in e  s to rage
R V  is a re lative ly  labile virus w h ich  m ay be inactivated by exposure to  heat and light. 
T h ere  is a significant loss o f  virus v iab ility  and vaccine potency after three m onths at 
ro o m  tem perature. A  sim ilar effect is seen after only three w eeks at 3 7 ° C . R ubella  
vaccine is highly stable at -7 0 ° C  o r -2 0 ° C  and retains its potency w hen  in freeze-dried  
fo rm  at 4 ° C  fo r  at least fiv e  years (M c A le e r  e t  a l . ,  1980 ). M an u factu rers  recom m end  
that vaccine be stored at 2  -  8 ° C  and that fo llo w in g  reconstitution it  should be kep t at at 
that tem perature, protected  fro m  light and used w ith in  one hour. F a ilu re  to  fo llo w  these 
instructions is the m ost frequent reason fo r vaccinees fa iling  to  seroconvert (B est and 
B anatvala , 1990 ). This issue presents a problem  in some hot countries.
1 .7 .6 . C o n tra in d ic a tio n s
R ub e lla  vaccine is a live  vaccine and therefore should not be g iven to  patients w ho  
are febrile  o r im munosuppressed. Pregnancy is also a contraind ication  and should be  
avoided fo r one m onth  after vaccination since rubella vaccine can be transm itted  
transplacentally. R ubella  vaccines contain trace amounts o f  antibiotics (neom ycin  or 
p olym yxin  o r b oth ) and patients w h o  have had anaphylactic reactions to  these should not 
receive the vaccine. V acc in a tion  in individuals w ho  have received a b lood transfusion  
should be deferred fo r  three m onths, since passively acquired antibodies m ight in terfere  
w ith  the im m une response to  the vaccine.
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1.7.7. Side effects
R ubella  vaccines are generally w e ll to lerated. Occasional fever, rash and 
lym phadenopathy m ay occur tw o  to  fo u r w eeks after vaccination, bu t the symptoms are  
usually less severe than those fo llo w in g  naturally  acquired rubella.
A s  discussed previously, rubella vaccination is contraindicated during pregnancy  
because it has been shown that the virus w ill cross the placenta fo llo w in g  vaccination. 
H o w e v e r, despite the isolation o f  R V  fro m  the products o f  conception fo llo w ing  
vaccination o f  susceptible pregnant w om en , there have been no reports o f  foetal 
damage. W h e n  w o m en  w h o  w en t to  te rm  fo llo w in g  inadvertent vaccination w ith in  three  
m onths before conception o r during pregnancy w ere  fo llo w ed  up, there was no evidence  
o f  congenital abnorm alities associated w ith  rubella am ong the 4 8 6  babies delivered  
(C enters fo r  D isease C on tro l, 1990; B est and B anatvala, 1990). T h ere  w as how ever, 
v iro lo g ica l evidence o f  congenital in fection  in  8 o f  3 9 0  babies tested (Tab les 1.6a. and 
1.6b .). F ro m  the data in  T ab le  1.6b., it appears that the incidence o f  congenital infection  
is lo w e r fo llo w in g  R A 2 7 /3  vaccination than w ith  H P V 7 7 /D E 5  o r C endehill vaccine  
strains. I t  has been calculated that the theoretical m axim um  risk o f  rubella-induced  
m ajor m alform ations am ong infants born to  susceptible m others is 1.4 per cent (B a rt e l  
a l ,  1985; Enders 1985). These studies indicate that i f  a vaccinee is im m unised w ith in  a 
m onth  o f  conception, the risk o f  rubella-induced defects are negligible. I t  should be 
noted how ever, that only 36  per cent o f  the w o m en  in the U S  study w ere  vaccinated  
w ith in  the critical period (betw een  one w e e k  before and fo u r w eeks after conception) 
and fu rther data needs to  be collected before a m ore accurate evaluation  can be m ade  
(B est and B anatvala, 1990 ).
W h ile  rare in children, arthritis is the m ost im portant side effect o f  vaccination. 
Transient arthalgia and arthritis  is reported  to  occur in approxim ate ly  25  per cent 
o f  vaccinated adult w om en. A  com parative study in w om en  revealed that 4 9  per cent
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P R E G N A N C Y  O U T C O M E  IN  SUSC EPTIB LE W O M E N  G O IN G  TO  T E R M  F O L L O W IN G
TABLE 1.6a.
R U B E LLA  V A C C IN A T IO N  D U R IN G  P R EG N A N C Y O R  W IT H IN  T H R E E  M O N T H S
B EFO R E C O N C EP TIO N  
(Best and Banatvala, 1990)
No. live births in women receiving:
Country HPV77-DE5 RA27/3 Not Total Evidence of Abnormalities
Cendehill known infection compatible with CRS
USA 94 210a 1 304a 5/215^ (2.3%) 0/306cFederal Republic of 
Germany 115 24 139 2/139d (1.4%) 0/139
Sweden 5 5 0/4 0/5UK 2 24 12 38 l/32e (3.1%) 0/38Total 211 263a 13 486a 9/372 (2.4%) 0/488
* Includes 2 sets of twins. b Number of positives/Number tested.c Number of cases with congenital rubella syndrome (CRS) abnormalities/Number examined. d 2 ofl 15 Cendehill vaccinees.° All received RA27/3.
T A B L E  1.6b.
O U T C O M E  IN  SUSC EPTIB LE W O M E N  G O IN G  TO  T E R M  F O L L O W IN G  
R U B E LLA  V A C C IN A T IO N  D U R IN G  PR EG N A N C Y O R  W IT H IN  TH R E E  M O N TH S  
BEFO R E C O N C E P TIO N . US 1971 - 1988 
(Centers for Disease Control, 1989)
Vaccine
Number going 
to term
Number vaccinated between 
one week before to four weeks after 
conception/number with date of 
conception known
Evidence of 
infection3 Abnormalities*5
HPV77.DE5/Cendehill 94 33/86 (38.4%) 3/61' (4.9%) 0/9 4d
RA27/3 210 74/210 (35%) 2/154' (1.3%) 0/212
Total 304 107/296 (36%) 5/215 (2.3%) 0/306
a IgM present. IgG persisting beyond six months or isolation of rubella virus. 
b Compatible with congenital rubella.
c Five of 45 infants tested, born to women of unknown immune status, also had evidence of subclinical infection. 
d Now aged 2-10.5 years.
e Two of 156 infants born to mothers of unknown immune status had serological evidence of infection, but no defects compatible 
with CRS.
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given H P V -7 7 D K , 30  per cent g iven H P V -D E , 14 per cent g iven R A 2 7 /3  and 9 per cent 
given C endehill vaccine strains reported  jo in t com plaints (P o lk  e t  a l . , 1982; Centers fo r  
D isease C on tro l, 1990). H P V -7 7 D K  vaccine the m ost arthritogenic preparation  was  
rem oved  fro m  the m arket. A no th er study by B est and colleagues (B est e t  a l . , 1 974 ) 
reported  a high incidence o f  jo in t com plaints fo llo w ing  vaccination  w ith  both  
H P V 7 7 .D E 5  (3 8 .7  per cent) and R A 2 7 /3  (4 1 .7  per cent) and lo w e r incidences w ith  
C endehill (2 2 .9  per cent) and T O -3 3 6  (1 7 .6  per cent). T h e  incidence o f  chronic arthritis  
and polyneuropathies fo llo w in g  rubella vaccine is presently highly debated. 
P olyneuropathy is part o f  natural m b e lla  but symptoms have also been reported  in 
vaccinees about 4 0  days postvaccination (S chaffiie r e t  a l . , 19 7 4 ). T h e  symptoms 
fo llo w e d  the pattern  o f  one o f  tw o  syndromes, one consisting o f  numbness and pain in 
the arms and the o ther invo lv ing  pain in the knee and a preference fo r  the crouching  
position  (the  'catcher's crouch'). These cases fo llo w ed  H P V -7 7 /D E , H P V -7 7 /D K  and 
less frequently  Cendehill. O th er cases o f  polyneuropathy and chronic arthritis  (these  
chronic symptoms together have been term ed 'chronic arthropathies') fo llo w in g  rubella  
vaccination have been reported  (Spruance e t  a l , 1977; T in g le  e t  a l ,  1986, 1985a). 
A lth o ug h  the findings o f  T in g le  and colleagues indicate that chronic com plications o f  
vaccination  m ay be as high as five  per cent, the A dvisory  C om m ittee  on Im m unisation  
Practices o f  the U S  P ub lic  H e a lth  Service has stated that the incidence is extrem ely lo w , 
i f  no t neglig ible (C enters fo r  D isease C ontro l, 1990 , 1991 ). T h e  In s titu te  o f  M e d ic in e  in  
W ashington, concluded that a reliable incidence rate could not be determ ined fro m  the  
current data (H o w s o n  e t  a l ,  1992 ). R V  has been isolated fro m  arthroscopic biopsies 
and lym phocytes o f  patients w ith  acute and chronic arthritis fo llo w in g  natural in fection  
and vaccination  (H ildeb ran t e t  a l ,  1966; W e ib e l e t  a l ,  1969; O g ra  and H e rd , 1971; 
C hantler e i a l ,  1 9 8 1 ,1 9 8 2 ; T in g le  e t  a l ,  1985a, 1985b). I t  has been d ifficu lt to  establish 
in  these cases w h ether the virus w as w ild -ty p e  or vaccine derived. Since R V -s p e c ific  
antibodies w ere  present in  the prevaccination sera o f  vaccinees w h o  la ter developed  
chronic arthropathy, it is possible that the persisting v im s  could have been a reactivated  
v im s  fro m  an earlier in fection  (T in g le  e t  a l ,  1985a, 1985b, 1983 , 1989 ). T h e
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identification  o f  vaccine-strain-specific nucleotides in com bination w ith  R T -P C R  and 
sequence determ ination o f  such isolates m ay provide the answer. This is discussed in  
m ore detail in C hapter 7.
1 .8 . P o ly m e ra s e  C h a in  R e a c tio n
Inven ted  by K a ry  M u llis  and colleagues, the polym erase chain reaction  (P C R ) is an 
enzym atic m ethod fo r the i n  v i t r o  am plification  o f  specific D N A  fragm ents w hich  has 
revolutionised m olecular b io logy (S a ik i e t  a l ,  1985; M u llis  e t  a l ,  1986; M u llis  and 
Faloona, 1987; M u llis , 1990 ). P C R  am plification, shown in F igure  1 .18 ., consists o f  
using tw o  oligonucleotide prim ers w h ich  flank  the 'target' D N A  segment, repeated  
cycles o f  heat denaturation o f  tem plate  D N A , annealing o f  the o ligonucleotide prim ers  
to  the ir com plem entary sequences and extension o f  the annealed prim ers w ith  D N A  
polym erase. T h e  prim ers are designed to  hybridise to  opposite strands o f  the target 
D N A  and are orientated such that D N A  synthesis by the polym erase proceeds across 
the reg ion  betw een the prim ers, e ffectively doubling the am ount o f  the target D N A .  
Since extension products are also com plem entary to , and capable o f  b inding prim ers, 
successive cycles o f  am plification continue to  double the am ount o f  D N A  synthesised in 
the previous cycle. T h e  result is an exponential accum ulation o f  the target D N A  
fragm ents by approxim ately 2 n, w here  'ri is the num ber o f  cycles o f  am plification  
perform ed. T h e  prim ers are physically incorporated into  the ends o f  the extension  
products and therefore  define the prim ary product o f  the reaction, a discrete fragm ent, 
w hose length is is the distance betw een  the 5 '-term ini o f  the prim ers on the target D N A  
sequence.
T h e  hum an [3-globin gene was one o f  the first D N A  sequences to  be am plified  by  
P C R  (S a ik i e t  a l ,  1 985 ) and the specific am plification o f  single copy sequences from  
com plex genom ic samples continues to  be one o f  the m ost com m on applications o f  this 
technique.
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CYCLE I
CYCLE 2
CYCLE 3 i,
T H E  P O L Y M E R A S E  C H A IN  R E A C T IO N  P R O C E S S  
(M u I I is ,  1 9 9 0 )
FIGURE 1.18.
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In itia lly , the K le n o w  fragm ent o f  E s c h e r i c h i a  c o l i  D N A  polym erase I  w as em ployed  
to  extend the annealed prim ers. This enzym e, how ever, is inactivated by the  
tem perature (9 4 ° C )  required to  separate the tw o  D N A  strands during denaturation and 
consequently fresh enzym e had to  be added after the denaturation step in each cycle. 
T h e  in troduction  o f  a therm ostable D N A  polymerase, T a q  polym erase, isolated from  
T h e r m u s  a q u a t ic u s ,  transform ed the process into  a m uch sim pler reaction  w hich  could  
be autom ated in  a therm al cycling device (S a ik i e t  a l , 1988).
I t  rap id ly  becam e apparent that P C R  could be used to  am p lify  R N A  by first 
producing  a com plem entary D N A  (c D N A ). This w as first achieved by Seeburg and 
colleagues (P . Seeburg e t  a l , 1986 , U n ivers ity  o f  C aliforn ia  at L o s  Angeles (U C L A )  
Sym posium , unpublished.). T h e  first published use o f  this technique, to  am plify  the  
m R N A  o f  the m ouse ornithine transcarbam ylase gene, described the use o f  reverse  
transcription (R T )  to  produce a c D N A -R N A  hybrid w h ich  w as subsequently am plified  
using the P C R  (V eres  e t  a l ,  1987 ). This technique, referred to  as R T -P C R , has m ade it 
possible to  obtain sequence data fro m  defined regions o f  v ira l genom ic R N A . W h ere  
lo w  concentrations o f  target R N A  are present, a second am plification  o f  first round P C R  
products m ay be neccesary to  obtain adequate yields. N ested  P C R  em ploys  
oligonucleotide prim ers internal to  the first round prim ers and is carried out on a small 
quantity  o f  first round product. A fte r  a lim ited  num ber o f  cycles, usually 20  to  2 5 , this 
product can be visualised on eth id ium  brom ide-stained agarose gels o r detected by  
hybridisation. N ested  prim ers have also been em ployed in D N A  P C R s w here increased  
sensitivity and specificity are required.
O th er m odifications o f  the P C R  system include procedures such as inverse P C R  and 
site-directed mutagenesis. Inverse P C R  can be used to  clone and characterise genes o f  
u nkn o w n  sequence w h ich  are adjacent to  kn ow n  regions (F ig u re  1 .1 9 .). Instead o f  
prim ers d irecting extension tow ards each other, prim ers are selected so that extension is 
aw ay fro m  the other prim er. T h e  tem plate D N A  is digested w ith  a restriction enzym e
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and then circularised by ligating  the tw o  cut ends on each m olecule. T h e  circular 
m olecule is am plified, w ith  extension occuring in  both  directions across the ligation  site, 
to  g ive a linear product consisting o f  sequences copied fro m  regions flanking  the  
prim ers. T h e  nucleotide sequence o f  this product can be determ ined and fu rther regions  
analysed using prim ers based on this data.
B y  the in troduction  o f  D N A  alterations in the P C R  prim er, P C R  can be used to  
create site-specific substitutions in  a D N A  fragm ent. Indeed, by using site-specific 
mutagenesis and P C R  to  com bine overlapping sequences, the sequence alteration  can be 
in troduced at any position in  the fragm ent (F ig u re  1 .20 .). This involves tw o  P C R  
products being m ade fro m  d ifferent sections o f  the same tem plate  such that they overlap  
in  sequence. These products can be m ixed, denatured and allow ed  to  reanneal. O ne o f  
the heteroduplex form s consists o f  D N A  strands that overlap at th e ir 3' ends. B y  D N A  
extension o f  the 3' recessed ends in this heteroduplex, the resultant m olecule can be used 
as a tem plate  fo r  P C R  am plification  using the original outside prim ers. In  this w ay  a 
specific base change can be introduced w h ich  is internal to  the D N A  fragm ent.
O f  the P C R  techniques described here, it  is the R T -P C R  system w hich  has been 
adapted in these studies to  produce am plified c D N A  fragm ents fro m  target regions o f  
genom ic v R N A  encoding the N S  proteins o f  R V  strains. T h e  application o f  this system  
to  the detection o f  viruses in  clinical samples w ill be discussed in C hap ter 6.
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S IT E - D IR E C T E D  M U T A G E N E S IS  A N D  R E C O M B I N A T I O N  V I A  P C R
FIGURE 1.20.
P C R  1
P C R  2
(H ig u c h i, 1 989 )
■ ta rg e t  DN A
I V ... ta rg e t ■ ■ T  ’ ■ - t‘ v  si |
PCR 1 w/primer mutagenesis
PCR 2 w/ primer 
mutagenesis
mix, remove primers & denature/renature
&
5'
3'
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Figure 1.20. Notes
Site-spcific mutagenesis and combining PCR fragments that overlap in sequence. Oligonucleotide primers 
are represented by the arows adjacent to their anealing sites in the target DNA sequence. The two midle 
or 'inside' primers, which aneal to the same segment of the target DNA but to the oposite strands, are 
shown as mismatched to the target sequence at a single base. The mismatches lead to the same sequence 
alteration in the two primary PCR products. PCR 1 and PCR 2 are performed separately. The products 
arc separated from exces primers and mixed, denatured and alowed to rcancal. Some of the molecules 
recombine as shown through the overlap made by the midle primers. DNA chain extension leads to a 
molecule that can be amplified with the original outside PCR primers to 'extract' out a DNA fragment that 
has the specific base change far from its ends.
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AIM S OF THE STUDY
Previous studies to  investigate the m olecu lar basis o f  attenuation and viru lence in R V  
have targeted  the structural proteins o f  the virus. T h e  N S  pro te in  coding sequence o f  
only one R V  strain, the  Therien  w ild -ty p e  strain, was know n  at the outset o f  this w o rk . 
This  study w as d irected at obtain ing in fo rm ation  from  the N S  coding sequences o f  o ther 
R V  strains in  o rder to  assess sequence variab ility  and also identify  any nucleotide or 
am ino acid substitutions in the N S  region w h ich  m ay play a ro le  in attenuation. T h e  
specific aims o f  the study w ere  thus:
1) T o  develop a m ethodology fo r  the R T -P C R  am plification o f  R V  R N A , fro m  w hich  
c D N A  clones o f  the R V  N S  prote in  coding region could be generated.
2 )  T o  apply this technology to  the cloning o f  the Thom as w ild -ty p e  strain and the  
C endehill vaccine strain in  o rder that:
a ) T h e  N S  p ro te in  coding sequence o f  a w ild -ty p e  and a vaccine strain could be  
obtained and com pared w ith  the published sequence o f  the T herien  w ild -ty p e  strain in  
order to  assess sequence variab ility  betw een these strains and determ ine any nucleotide  
o r am ino acid substitutions o f  possible relevance to  attenuation.
b ) O verlapp ing  cloned N S  sequences o f  the Thom as strain could be generated fo r use 
in  fu tu re  studies aim ed at developing an infectious clone.
A s  the p ro ject progressed the R T -P C R  technology w as fu rther developed to:
c) A m p lify  and sequence a region, fro m  a num ber o f  R V  strains, w h ich  is thought to  
be invo lved  in the in itia tion  o f  positive R N A  strand rep lication  and N S  protein  
translation  and to  com pare these sequences in order to  assess sequence variab ility
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betw een  a larger num ber o f  strains and identify  any nucleotide substitutions o f  possible 
relevance to  attenuation.
d ) D eterm in e  w hether the N S  coding reg ion  o f  the R V  genom e could  be isolated from  
clinical samples.
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C H A P T E R  2. 
M A T E R I A L S  A N D  METHODS.
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2.1. Materials and Suppliers.
A L D R IC H  C H E M IC A L  C O M P A N Y  IN C O R P O R A T E D :
H ig h  perform ance liquid  chrom atography grade w ater.
A L F A  L A B S  L T D .:
M eth y lm e rc u ry  hydroxide.
A M E R S H A M  IN T E R N A T IO N A L :
D eoxyad en os in e5 '-[a lph a-(8 ^S )-th io ]triphosphate  ( s p e c if ic  a c tiv ity : >1000 C i / m m d )  
R A V - 2  reverse transcriptase, T E T -z  polym erase.
A P P L IE D  B IO S Y S T E M S  L T D .:
A ll solvents, colum ns and reagents fo r o ligonucleotide synthesis.
B D H  C H E M IC A L S  L T D .:
A ll laboratory  chemicals unless otherw ise stated.
B IO G E N E S IS  L T D :
R N A z o l B .
B O E H R IN G E R  M A N N H E IM :
A ll m odify ing  enzymes unless otherw ise stated, d igoxigenin nucleic acid labelling and 
chem ilum inescent detection reagents, positively charged nylon m em brane.
B R IT IS H  B IO T E C H N O L O G Y  P R O D U C T S  L T D :
T A  cloning k it
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C A M B R ID G E  B IO S C IE N C E :
Sequenase version 2 .0  D N A  sequencing k it, sequenase 7 -d e a za -d G T P  D N A  sequencing 
kit.
D IF C O  L A B O R A T O R IE S :
B ac to -ag ar
D Y N A L  (U K . )  L T D :
D ynabeads m R N A  purifica tion  k it.
F A L C O N :
175cm ^ tissue cu lture flasks, 2 0 5 9  polypropylene tubes, 50m l centrifuge tubes, 6 -w e ll 
multidishes.
F U J I P H O T O  F IL M  C O M P A N Y  L T D :
R X  (b lue sensitive) X -ra y  film s; 3 5 x 4 3 cm  and 18x24cm .
G IB C O -B R L :
G lasgow 's m inim al essential m edium  (G M E M ) ,  L -g lu tam in e , sodium  bicarbonate, 
trypsin-ethylenediam inetetraacetic  acid (try p s in -E D T A ), foeta l c a lf  serum, agarose 
(u ltrap ure ), phenol, P h i X 1 7 4 /H a e  I I I  and L am b da/H in d  I I I  D N A  m olecular w eight 
m arkers, isopropyl-|3 -D -th iogalactopyranoside ( IP T G ) , 5 -b ro m o -4 -c h lo ro -3  in d o ly l-p -  
D -galactopyranoside  (X -g a l) , E .c o li D H 5 a  com petent cells, m oloney m urine leukaem ia  
v im s superscript reverse transcriptase ( M M L V - R T ) .
M A Y  A N D  B A K E R :
A ll solvents (analar grade): ch loro form , ethanol, glacial acetic acid, hydrochloric  acid, 
m ethanol.
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0 .2 p M  filters.
N O R T H U M B R IA  B IO L O G IC S  L T D :
A crylam ide:B isacrylam ide 19:1 solution.
O X O ID :
A ll bacteria l g ro w th  m edia unless otherw ise stated, phosphate buffered  saline (P B S )  
tablets.
P E R K IN -E L M E R  C E T U S :  
r T H  D N A  polymerase.
P H A R M A C IA :
U ltra p u re  deoxynucleoside triphosphate (d N T P ) set, p U C 1 8  S m a l/B A P , R N A g u a rd  
ribonuclease inhibitor.
P R O M E G A :
P o ly A T tra c t m R N A  isolation system IV ,  m agic minipreps D N A  purification  system, 
m agic P C R  preps D N A  purification  system, T a q  D N A  polymerase.
S IG M A  C H E M IC A L  C O M P A N Y  L T D :
A m pic illin , urea (u ltrapure), lo w  m elting point (L M P )  agarose, 2-m ercaptoethano l, 
single-stranded herring testes D N A , D L -d ith io th re ito l (D T T ) ,  eth id ium  brom ide, 
m agnesium  chloride solution (no R N A a s e  detected), d iethylpyrocarbonate (D E P C ),  
disodium  ethylenediam ino-tetraaceticacid  (d isodium  E D T A ) ,  sodium  dodecyl sulphate 
(S D S ), N ,N -  d im ethylform am ide (D M F ) ,  T w e e n  20 , m ineral o il,, m aleic acid.
M3LLIP0RE:
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S T R A T E C H  S C IE N T IF IC  L IM IT E D :
G eneclean I I  k it.
2 .2 . M e th o d s .
2 .2 .1 . S te r ilis a tio n  o f  c u ltu re  m e d ia  a n d  b u ffe rs .
A ll m edia and buffers w e re  sterilised by autoclaving at 121 ° C  (1 5  pounds/square  
inch) fo r  15 mins o r by filtra tio n  through a 0 .2 p M  F lo w p o re  D -filte r . E xcep t w here  
indicated, deionised w a te r w as used in  the preparation o f  all m edia and buffer solutions  
and is referred  to  as 'w ater' th roughout this thesis.
2 .2 .2 . D ie th y lp y ro c a rb o n a te  (D E P C )  tre a tm e n t.
T o  obtain good preparations o f  R N A  it  is necessary to  m inim ise the activ ity  o f  
R N A ases. G lassw are and p lasticw are w ere  treated  w ith  D E P C  w h ich  is a strong, but 
n ot absolute, inh ib itor o f  R N A ases  (Fedorcsak and Ehrenberg, 1966 ).
G lassw are and p lasticw are w ere  soaked overnight in a 0 .1 %  (v /v )  solution o f  D E P C  
in  w ater. T he  solution w as discarded, the containers w ere  rinsed w ith  ethanol and then  
autoclaved before use.
2 .2 .3 . C e ll c u ltu re .
2 .2 .3 .1 . C e ll lines.
R K 1 3  and V e ro  cell lines w ere  used in  this study fo r  the propagation o f  viruses. The  
R K 1 3  cells (E uropean  C o llection  o f  A n im al C ell Cultures, Salisbury, U K )  w ere  derived  
fro m  rabbit kidney and V e ro  cells (E psom  Public H ea lth  Labo ra tory , U K )  fro m  A frican
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green m onkey (C ercopithecus aethiops) kidney cells (Y asm u ra  and K a w a k ita , 1963 ).
2 .2 .3 .2 . R o u t in e  cell c u ltu re .
C ells w ere  g ro w n  and m aintained in  the presence o f  G M E M  supplemented w ith  
2 m M  L -g lu tam in e , 2 0 m M  sodium  bicarbonate, lOOunits/ml penicillin  G , 0.1 m g/m l 
streptom ycin  sulphate and lO ^ o ^ /v )  foeta l c a lf  serum (F C S ). Cells w e re  incubated at 
3 7 ° C  in the presence o f  5 %  carbon dioxide, p rio r to  sub-culturing.
T h e  sub-culturing o f  the cells w as accomplished by trypsinising the confluent 
m onolayer w ith  try p s in -E D T A  (0 .0 5 % (w /v )  trypsin in P B S  containing Im M  E D T A )  
p rio r to  the d istribution o f  dispersed cells into fresh culture flasks as described by 
Lennette  and Schm idt (1 9 6 9 ) . Cells w e re  norm ally  re-seeded at a split ra tio  o f  1 :4.
2 .2 .4 . V iru s e s .
T h e  derivations and passage h istory o f  the R V  strains used in  this study are show n in  
Tab le  2 .1 . V iru s  titres w ere  increased by 4  to  8 passages in V e ro  cells fo r all but the  
M a ch ad o  strain (S ection  2 .2 .4 .1 .) . T h e  R A 2 7 /3  strain was g ro w n  at 3 2 ° C . E xcep t fo r  
the Thom as strain o f  rubella  w h ich  w as plaque purified fo llo w in g  the second passage in 
R K 1 3  cells (T a b le  2 .1 .)  by  D r . P .G . Sanders at the U n ivers ity  o f  Surrey, all o ther viruses 
w ere  k ind ly  provided by D r.J .B est, St. Thom as H osp ita l.
2 .2 .4 . I .  P ro p a g a tio n  o f  v iru s  stocks.
V e ro  cell m onolayers w h ich  w e re  8 0 %  confluent, w ere  washed once w ith  P B S  and 
then inoculated w ith  virus at a m u ltip lic ity  o f  in fection  (m o i) o f  0 .1 -1 .0  plaque form ing  
units (p fu ) /  cell. V iru s  w as a llow ed  to  adsorb to  the cell sheet by incubation at room  
tem perature  fo r 3 0  mins p rio r to  the addition o f  cell m aintenance m edium . Cultures
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w e re  incubated at 3 7 ° C  in the presence o f  5 %  carbon dioxide fo r 7 2 -9 6  hours.
2 .2 .4 .2 . P u r if ic a t io n  o f  v iru s .
In fec ted  cell cu lture fluids (4 -6  days post R V  in fection) w ere  clarified  by lo w  speed 
centrifugation  (1 0 ,0 0 0 g ) fo r  30  mins at 4 ° C . F ro m  this stage onw ards, all glassware  
and centrifuge buckets w e re  D E P C  treated , all plasticw are w as purchased gam m a  
irrad iated  and assumed to  be R N A a s e  free and disposable gloves w e re  w o rn  throughout 
the  procedure. T h e  clarified  m ed ium  w as then u ltracentrifuged at 2 8 0 ,0 0 0 g  fo r  2  hours  
and fo llo w in g  the rem oval o f  supernatant, the pellet from  38m l o f  cu lture supernatant 
w as resuspended in 50 0  -lOOOjal R N A z o l B  solution. R N A  w as then extracted d irectly  
fro m  the crude v im s  pellet as described in  Section 2 .6 .2 .
2 .2 .4 .3 . T it r a t io n  o f  v iru s .
R K 1 3  cells w ere  seeded in  a 6 -w e ll m ultid ish at 5 x  10^ cells per w e ll and g row n  
until 8 0 %  confluent (3 6 -7 2  hours). T en fo ld  dilutions o f  v im s  w e re  prepared in G M E M  
containing 2 %  F C S  and 5 0 0 p l o f  the appropriate dilutions inoculated into w ells , the  
m onolayers o f  w h ich  had been washed w ith  P B S . 5 0 0 jll1 G M E M  containing 2 %  F C S  
but no virus, w as added to  one o f  the w ells  to  serve as a cell contro l. F o llo w in g  
adsorption fo r  1 hour at ro o m  tem perature, the m onolayers w e re  overla id  w ith  5m l 1%  
L M P  agarose in G M E M  containing 2 %  F C S . V ira l plaques w ere  visualised betw een 8 -  
10 days fo llo w in g  treatm ent o f  the m onolayers w ith  10 %  buffered  fo rm al saline, 
rem oval o f  overlay  and staining w ith  1%  (w /v )  crystal v io le t solution (B est and O 'Shea,
1 9 8 9 ). P laques w ere  counted at each d ilu tion  and v ira l titres calculated:
P laque fo rm ing  units (p fii)  /  m l =  P laque count x  2  x  d ilu tion  factor
A verage titre obtained = 1 . 2 x l 0 6 / m l
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2.2.5. Extraction of viral RNA (vRNA).
This w as effected using tw o  m ethodologies. In  the first, R N A z o l B  w as used to  
extract R N A  fro m  three sources; R V  infected V e ro  cells, crude virus pellet and infected  
tissues. T h e  R N A z o l B  procedure is a m odification  o f  that used by C hom czynski and 
Sacchi (1 9 8 7 ). A  solution containing guanidinium  thiocyanate and phenol prom otes the  
fo rm ation  o f  com plexes o f  R N A  w ith  guanidinium  and w a te r m olecules, thereby  
abolishing the hydrophilic  interactions o f  D N A  and proteins. In  effect, D N A  and 
proteins are effic iently  rem oved fro m  the aqueous phase, w h ile  R N A  remains in this  
phase during sample extraction.
T h e  second m ethod, utilised phenol and ch loro form  to  extract R N A  along w ith  D N A  
fro m  th roat swabs.
2 .2 .5 .1 . E x tra c t io n  o f  R N A  fro m  R V  in fe c te d  V e ro  cells u s ing  R N A z o l B .
R V  infected cells w ere  lysed directly  by the addition o f  R N A z o l B  solution to  the  
m onolayers. A  to ta l o f  20m l w as used to  solubilise the m onolayers o f  6 x l7 5 c m ^  tissue 
culture fla s k s . 2m l o f  ch loro form  w as added and the solution vortexed  vigorously fo r  
15 secs p rio r to  a  5 m in incubation on ice. T h e  suspensions w ere  centrifuged at 1 2 ,000g  
fo r  15 mins at 4 ° C  to  separate the phases. T h e  upper aqueous layer w as rem oved and 
an equal vo lum e o f  isopropanol added to  it. F o llo w in g  a 15 m in incubation on ice, the  
sample w as centrifuged at 1 2 ,000g  fo r 15 mins at 4 ° C  and the resulting pellet washed  
once in  7 5 % (v /v )  ethanol. T h e  pellet w as then dried under vacuum  fo r  10 mins, 
resuspended in  5 0 0 jjl1 H P L C  w a te r and stored at -7 0 ° C  until required.
2 .2 .5 .2 . E x tra c t io n  o f  R N A  fro m  c ru d e  v iru s  pellets us ing  R N A z o l B .
100|Ltl o f  ch lo ro fo rm  w as added to  1ml o f  R N A z o l B  suspended virus pellet (see
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Section 2 .5 .2 .)  and the R N A  extraction  perform ed as described in the preceding Section. 
T h e  final pellet w as resuspended in  200j± l H P L C  w a te r and stored at -7 0 ° C  until 
required.
2 .2 .5 .3 . E x tra c t io n  o f  R N A  fro m  in fe c te d  tissue using  R N A z o l B .
(P rocedure carried out by T . B osm a, St. Thom as H o sp ita l)
2 0 -4 0 m g  tissue w as frozen  in  liquid  n itrogen and ground to  a fine  p ow d er using a 
precooled ( - 7 0 ° C )  pestle and m ortar. T h e  p ow d er was then resuspended in 400 -800p .l
R N A z o l and after adding 0.1 vo lum e o f  ch loroform , the extraction  carried out as in
Z.2.S.1
Section 2 - 6 A .
2 .2 .5 .4 . E x tra c t io n  o f  n u c le ic  ac id  fro m  th ro a t  swabs us ing  p h e n o l-c h lo ro fo rm .
(P rocedure carried out by T . B osm a, St. Thom as H osp ita l)
T h ro a t swabs w ere  collected in  3m l o f  virus transport m edia. P ro te in  w as rem oved  
fro m  a 500p.l aliquot by extraction  w ith  phenol (equilibrated to  p H 8 .0  and stored under 
0.1 vo lu m e 0 .1 M  T r is -H C l p H 8.0 in  the dark  at 4 ° C ) .  A n  equal vo lu m e o f  phenol w as  
m ixed  thorough ly  w ith  the m ed ium  by vortex ing  and this suspension centrifuged at 
1 3 ,0 0 0 g  fo r 2 mins to  separate the phenol and aqueous nucleic acid-containing phase. 
T h e  aqueous phase w as transferred to  a fresh m icrofuge tube tak ing  care not to  disturb 
the interface. A n y  rem aining phenol w as then rem oved by adding an equal vo lum e o f  
ch lo ro fo rm , vo rtex ing  and centrifuging fo r  2 mins at 1 3 ,000g  before retriev ing  the  
aqueous layer. lO O pl o f  this w as then used to  isolate p o ly (A )+ R N A  using the D ynabead  
m R N A  purification  system (S ection  2 .7 .2 .)
2 .2 .6 . P u r if ic a t io n  o f  p o ly a d e n y la te d  R N A  (p o ly (A )+ R N A )  .
T h e  p o ly A T tra c t m R N A  isolation system I V  and Dynabeads m R N A  purification  
k it  w ere  used. P o ly (A )+ R N A  w as purified  from  to ta l R N A  prepared by 
R N A z o l B  extractions fro m  infected cells (S ection  2 .6 .1 .)  and tissues (S ection  2 .6 .3 .) ,
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and D N A /R N A  prepared by pheno l-ch loro form  extraction  o f  th ro a t swabs (S ection
2 .6 .4 .) .
T h e  p o ly A T tra c t m R N A  isolation system utilises param agnetic particles (P M P )  
coupled to  streptavidin, in association w ith  a b io tinylated  o ligonucleotide  
deoxythym idylate  (o ligo  d T ) p rim er w h ich  binds to  the 3' p o ly (A )+  ta il o f  the target 
R N A . T h e  hybrids w e re  captured by the P M P  and then im m obilised on the side o f  the  
tube by m agnetisation. H ig h  stringency washes w ere  fo llo w ed  by elu tion  fro m  the solid 
phase by the addition o f  H P L C  w a te r (F ig u re  2 .1 .).
T h e  D ynabead m R N A  purifica tion  system differs, only, in that the m agnetic beads are 
covalently  attached to  25  d T  nucleotides (o lig o  (d T )25 )  and hence bind d irectly  to  the  
ta rge t R N A . U s ing  this system, how ever, the elution step w as om itted  because 
p o ly (A )+  R N A  bound to  D ynabeads can be used as tem plate in R T -P C R  o f  R V .
2 .2 .6 . I .  P u r if ic a t io n  o f  p o ly  ( A ) +  R N A  fro m  R V  in fe c te d  ceil R N A  u s ing  th e  
p o ly A T tr a c t  m R N A  is o la tio n  system .
F o llo w in g  a 10 m in  preincubation at 6 5 ° C , 500jal (0 .1 -1 .0 m g ) o f  to ta l cell R N A  w as  
m ixed w ith  3 p l b io tinylated  o lig o (d T ) probe (5 0 p m o l/p l) and 13jli1 20  x  SS C  ( 3 M  
sodium  chloride, 0 .3 M  sodium  citrate). T h e  suspension w as le ft to  cool to  ro o m  
tem perature  to  a llo w  the po ly  ( A )+ R N A  and biotinylated o lig o (d T ) to  anneal. 
S treptavid in -param agnetic  particles (S A -P M P ) w ere  captured to  the side o f  the tube by 
placing in a m agnetic rack  fo r  30  secs. T h ey  w ere  then washed three tim es in 3 0 0 ji l  0 .5  
x  S S C  and m ixed w ith  the annealing reaction. This suspension w as le ft at room  
tem perature  fo r  10 mins before the S A -P M P s  w ere  m agnetically captured and g iven fo u r  
washes in  3 0 0 p l 0.1  x  SSC . A n  in itia l elu tion  o f  po ly  (A )+ R N A  in lO O pl H P L C  w a te r  
w as fo llo w e d  by a second in  150jnl. T h e  resulting 250p.l po ly  ( A )+  R N A  w as stored at 
-7 0 ° C  until required.
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P M P
S c h e m a tic  d ia g ra m  o f  th e  p o ly A T tr a c t  m R N A  iso la tio n  p ro c e d u re
FIGURE 2.1.
Total RNA 
Containing mRNA Fraction
m7G
m7G
m7G
m7G
AAAAAAA3'
Hybridize with c.  T
Biotin-oligo-dT B-TTTTTTT
AAAAAAA"
m7G
m7G
(solid)
=  p aram ag n etic  partic les.
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2 .2 .6 .2 . P u r if ic a t io n  o f  p o ly  ( A ) +  R N A  fro m  th ro a t  sw abs u s in g  th e  B y n a b e a d  
m R N A  p u r if ic a t io n  system .
(P rocedure carried out by T .B osm a, St. Thom as H osp ita l)
200fj,l o f  o ligo  (d T )25  beads (5 m g /m l) w ere  washed tw ice  in lO O jil o f  2  x binding  
buffer (2 0 m M  T r is -H C l p H 7 .5 , 1 M  lith ium  chloride, 2 m M  E D T A )  before  resuspending  
in  950p.l 2 x  b inding buffer containing lO m M  vanadyl ribonucleoside com plex  
(ribonuclease inh ib ito r). 100ju.l o f  pheno l-ch lo ro fo rm  extracted sample (Section  2 .6 .4 .)  
w as preheated at 6 5 ° C  fo r  10 mins before m ixing  w ith  lOOp.1 o f  resuspended beads. 
H ybrid isation  w as effected by incubation at ro o m  tem perature fo r  10 mins. T h e  beads 
w ere  then captured, the supernatant rem oved, and the beads washed three tim es w ith  
2 0 0 \x \  w ashing buffer ( lO m M  T r is -H C l p H 7 .5 , 0 .1 5 M  lith ium  chloride, Im M  E D T A ) .  
T h e  beads w ere  then resuspended in 20jo,l H P L C  w a te r and stored at -7 0 ° C  until 
required.
2 .2 .7 . Q u a n tif ic a t io n  o f  n u c le ic  a c id  sam ples.
2 .2 .7 .1 . S p e c tro p lio to m e tr ic  q u a n tif ic a t io n .
Th is  m ethod is based on the absorption o f  u ltra  v io le t ( U V )  light by the bases o f  a 
nucleic acid (M an ia tis  e t  a l . , 1982 ). This m ethod w as routinely  em ployed fo r nucleic  
acid samples. T h e  principle  disadvantage o f  the m ethod is its fa ilu re  to  distinguish  
betw een  degraded and undegraded nucleic acid.
D N A  o r v R N A  suspensions w ere  d iluted in  sterile H P L C  w a te r in a quartz cuvette. 
T h e  absorbance at 2 6 0  ( A 26O) 2 8 0  ( A 280)  nm  w avelength  w as m easured using a
P ye U n ic o n  m odel P U 8 8 2 0  U V /V IS  spectrophotom eter. P urified  v R N A  w as quantified  
by absorbance at 2 6 0 n m  assuming that one A 260 un it corresponds to  40p.g /m l o f  R N A  
(S am b ro o k  et al, 1989 ). P urified  D N A  w as also quantified by absorbance at 260nm , 
although one A 26O u n it corresponds to  50p,g/m l o f  D N A  (S am b ro o k  e t  a l ,  1989 ). T h e
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p urity  o f  the nucleic acid w as assessed by the ratio  o f  the optical density (O D )  readings 
at 260n m  and 280nm . P ure preparations o f  R N A  and D N A  have O D 260 /  O D 28O 
values o f  2 .0  and 1.8 respectively (S am b ro o k  e t  a l , 1989).
2 .2 .7 .2 . C o m p a ra t iv e  in te n s ity  q u a n tif ic a t io n .
Th is  m ethod estimates the quantity  o f  double stranded D N A  in a sample by  
quantify ing the U V -in d u c e d  fluorescence em itted by the intercalated eth id ium  brom ide  
m olecules (M an ia tis  e t  a l ,  1982 ). T h e  level o f  fluorescence produced is p roportional to  
the to ta l mass o f  D N A  and thus the quantity  o f  D N A  in  a sample m ay be estim ated by  
com parison w ith  a kn o w n  mass o f  m olecular w e ig ht m arker.
A  kn o w n  vo lum e o f  the D N A  sample o f  interest was electrophoresed in an agarose  
gel together w ith  a  kn ow n  quantity  o f  L am b da /H in d  I I I  o r P h iX 1 7 4 /H a e  I I I  m olecular 
w eig h t m arkers. T h e  gel w as stained w ith  a solution o f  eth id ium  brom ide (0.5|O g/m l in  
T A E  b uffe r (4 0 m M  Tris-acetate , Im M  E D T A ) )  and an im age taken  under U V  light on a 
U V  transillum inator using the G e l D ocum entation  System (G D S )  (U V P  In c .). B y  
com paring the intensity o f  the D N A  band o f  interest to  that o f  the  m olecular w e ight 
m arkers, a m arker fragm ent band o f  sim ilar intensity can be chosen and an estim ation o f  
the  am ount o f  D N A  in  the sample calculated, thus:
Length o f  chosen m arker fragm ent A m ou n t o f
T o ta l length o f  m arker D N A  x  W eig h t o f  m arker D N A  used =  D N A
2 .2 .8 . A g a ro s e  gel e lec tro ph o res is .
G ibco B R L  Series 1087  horizonta l gel electrophoresis m odels H 6  and H 5  w ere  used 
as recom m ended by the m anufacturer. A garose gels w ere  prepared in T A E  buffer at 
various concentrations (0 .8 -2 %  ( w /v ) )  depending on requirem ents. T h e  agarose p ow der  
w as added to  1 x  T A E  buffer (4 0 m M  Tris-acetate , Im M  E D T A )  heated in a m icrow ave  
oven until m olten  and cooled to  5 5 ° C  before  pouring  to  cast a gel. O nce set, 1 x  T A E
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buffer w as added to  the gel tank, and the gel comb was rem oved. T h e  samples w ere  
loaded into  w ells  and electrophoresed at 100 -  150 volts fo r various lengths o f  tim e (0 .5  
- 1 . 5  hours) depending on requirem ents. T h e  gels w ere  stained in  a solution o f  eth id ium  
brom ide (0.5jo.g/ml in 1 x  T A E  buffer). T h e  D N A  bands w ere  visualised using long  
w a v e  U V  illum ination  and an im age taken  using the G D S .
2 .2 .9 . P re p a ra t io n  o f  s y n th e tic  o ligo n u c leo tid es .
O ligonucleotide prim ers w ere  synthesised on an A pp lied  B iosystem s 3 8 1 A  
synthesiser using phosphoram adite chem istry (B eaucage and Caruthers, 1981 ). Prim ers  
w ere  rem oved fro m  the ir supports in  the colum n by draw ing 1ml o f  3 5 %  (v /v )  am m onia  
( 4 0 ° C )  through, by syringe, at the  rate  o f  2 0 0 ja l/2 0  mins. T h e  suspension was placed in  
a screw  capped m icro fuge tube and incubated at 5 5 ° C  fo r a m inim um  o f  8 hours in  
order to  deprotect the prim ers. T h e  suspension w as then cooled to  ro o m  tem perature  
and the prim ers precip itated overn ight at -2 0 ° C  by the addition o f  three volum es o f  
chilled ethanol and 3 0 0 m M  sodium  acetate, p H  5.2 . T h e  prim ers w ere  pelleted by 
centrifugation , washed w ith  7 0 %  ethanol and dried in a cool oven. Resuspension was  
effected in  30jll1 o f  H P L C  w a te r and the prim ers w ere  quantified by absorbance at 
2 6 0 n m  assuming that one A 260 un it corresponds to  3 3 jig /m l o f  single stranded  
oligonucleotide prim ers. A n  a liquot o f  each o f  the prim ers w as resuspended to  produce  
a w o rk in g  stock o f  50p m o l / jr l  and stored at -2 0 ° C .
T h e  prim ers used in  the sequencing o f  cloned R V  c D N A  are shown in  T ab le  2 .4 . 
Those used fo r  am plification  o f  the rubella  genom e are shown in T ab le  3 .2 .
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2.2.10. Synthesis of double-stranded cDNA,
2 .2 .1 0 .1 . P ro c e d u re s  fo r  th e  p re v e n tio n  o f  c ro s s -c o n ta m in a tio n  a n d  ’c a r r y ­
o v e r ’ d u r in g  R T - P C R .
T hree  separate laboratories w ere  used fo r particular stages o f  the R T -P C R  
procedure:
R o o m  1: R eagent preparation  ro o m  in  w h ich  prim ers, reverse transcriptase, T aq  
polym erase and all o ther constituents o f  the R T -P C R , barring tem plate, w ere  aliquoted, 
stored at -2 0 ° C  and added to  reaction  mixes. A  separate set o f  supplies and p ipetting  
devices w ere  dedicated fo r the purpose o f  setting up reactions.
R o o m  2: R N A  tem plate ro o m  in w h ich  R N A  w as extracted fro m  samples, added to  the  
reaction m ix  and am plified. A  positive displacem ent p ipette w as used to  add tem plate to  
the reactions.
R o o m  3: P C R  product ro o m  in w h ich  the am plified products w ere  analysed.
A  one-w ay  system was operated betw een  the room s so that reaction m ixes and 
reagents w e re  transported fro m  ro o m  1 to  2  and from  there to  ro o m  3. A  separate  
laborato ry  coat was dedicated to  each ro o m  and gloves w ere  w o rn  during all 
m anipulations and w ere  changed regularly.
2 .2 .1 0 .2 . H e a t  d e n a tu ra tio n  o f  v R N A .
v R N A  w as d iluted  to  the required concentration in H P L C  w ater, boiled  fo r 5 mins 
and then quick chilled in  ice w ater.
2 .2 .1 0 .3 . R everse  tra n s c r ip t io n  o f  v R N A .
F o r  'standard' R T  reactions, 4 .2 | i l  o f  reverse transcription (R T )  m ix  w as d iluted by
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the addition  o f  5.8jn.l o f  denatured v R N A , to  g ive a final concentration o f  lO m M  T ris -  
H C I p H 8 .8 , 5 0 m M  potassium  chloride, 5 m M  magnesium chloride, 3 m M  D T T ,  0 .1 %  
T rito n  X -1 0 0 , 10 units R N A g u a rd  (R N A a s e  inh ib itor), Im M  o f  each deoxynucleoside  
triphosphate (d N T P ), 9 units o f  R A V -2  reverse transcriptase (R A V -2  R T ) , 2 p M  R V  
specific R T  prim ers (PJ P rim ers) (T ab le  and F igure  3 .1 .)  o r l .O p M  antisense prim er. 
Thus, the final vo lum e o f  the R T  reaction w as lO p l. Reactions prim ed by PJ Prim ers  
w e re  le ft at ro o m  tem perature fo r  10 mins before incubating at 4 2 ° C  fo r 45  mins. R T  
reactions prim ed using antisense prim ers w hose m elting tem perature ( T m ) w as >  6 0 ° C  
w ere  incubated at 5 5 ° C  fo r  45  mins. In  reactions w ith  antisense prim ers o f  T m  <  6 0 °C ,  
a tem perature  o f  5 ° C  b e lo w  that o f  the  T m  w as used fo r incubation.
2 .2 .1 0 .4 . A m p lif ic a t io n  o f  v R N A -c D N A  h y b r id .
T h e  R T  reaction w as stopped and the v R N A -c D N A  hybrid denatured by boiling  fo r  
10 mins and then quickly  chilling in ice w ater. F o r 'standard' P C R s  the reaction vo lum e  
w as expanded to  5 0 p l to  g ive  a final concentration o f  lO m M  T r is -H C I p H  8 .8 , 5 0 m M  
potassium  chloride, 1 .5 m M  m agnesium  chloride, 0 .1 %  T rito n  X -1 0 0 , 0 .6 m M  D T T  and 
0 .5 j iM  o f  sense and anti-sense prim ers. T h e  solution w as then overlaid  w ith  50(al 
m ineral o i l
C a lc u la t io n  o f  th e  a n n e a lin g  te m p e ra tu re
T h e  annealing tem peratures ( ° C )  used during therm al cycling w e re  based on the  
m elting  tem peratures ( T m ) o f  the prim ers used in a particular reaction  (T a b le  3 .3 .). T he  
annealing tem perature generally adopted w as 5 ° C  be lo w  the low est T m  o f  the prim er 
pair invo lved in the P C R . T h e  form ula: T m  =  69 .3  +  0 .41  (G + C ), proposed by M a rm u r  
and D o ty  (1 9 6 2 ) , w as m odified (A nderson  and Y ou n g , 1 9 8 5 ) to  take  account o f  
oligonucleotide length w h ich  is im portant w hen using o ligonucleotides greater than 18 
nucleotides long and thus the final fo rm ula  used to  calculate prim er m elting  
tem peratures was:
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T nf =  6 9 .3  +  0 .41  (G + C )  - 6 5 0 /^  ? w here L  is length o f  prim er.
A m p lifica tio n  o f  D N A  w as perform ed in a H yba id  O m nigene program m able  
therm ocycler. T h e  am plification  reaction  m ix  w as heated to  9 5 ° C  fo r  3 mins to  
denature any renatured v R N A -c D N A  and then, as the b lock  cooled, 2 .5  units o f  T aq  
D N A  polym erase (T a q ) added beneath the m ineral oil. P rim er annealings w ere  carried  
out at tem peratures o f  betw een 4 6 ° C  and 6 8 ° C  fo r 1 m in, and the subsequent 
extensions at 7 2 °C . T h e  duration  o f  the extension step varied  betw een  1 to  2 mins 
depending on the length  o f  the target sequence. T he  m ixtu re  w as then subjected to  30  
cycles consisting o f  a 1 m in denaturation at 9 4 ° C , a 1 m in annealing and a 1 -2  m in  
extension at 7 2 ° C . T he  last cycle incorporated  a final extension o f  10 mins.
2 .2 .1 1 . G e l e lec tro ph o res is  o f  th e  c D N A .
4)0,1 gel-load ing  buffer (0 .2 5 % (w /v )  brom ophenol blue, 3 0 % (v /v )  g lycero l in w a te r)  
w as added to  20|±1 am plified product m ix. Th is  w as then separated by electrophoresis at 
100 -  150 vo lts  fo r  30  m ins -  1 hour in  a 0 .8 -2 %  agarose gel in T A E  buffer using a 
horizon ta l electrophoresis k it. T h e  gel w as stained in a solution o f  eth id ium  brom ide  
(0 .5 |j,g /m l in  T A E  bu ffe r), placed on a U V  transillum inator and an im age taken by the  
G D S . In  m ost cases, i f  the only c D N A  band present w as o f  the correct size, the T A  
cloning k it  w as used to  clone the product d irect from  the am plification  m ix. W ith  tw o  
P C R  products w here  b lunt end cloning in to  p U C 1 8  w as em ployed, the am plification  
m ixes w e re  electrophoresed in  lo w  m elting  point (L M P )  agarose to  fac ilita te  purification  
o f  the target bands.
2 .2 .1 2 . R e c o v e ry  o f  c D N A  fro m  agarose.
D N A  w as recovered fro m  L M P  agarose gels using the M a g ic  P C R  D N A  purification
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system. This m ethod em ploys a specially fo rm ulated  resin w h ich  has a strong affin ity  fo r  
D N A  but not contam inating m aterials and routinely recovers 70  -  9 0 %  o f  D N A  
fragm ents >  500bp.
L M P  agarose gel slices ( o f  less than 3 0 0 m g ), containing the appropriate am plified  
c D N A  fragm ents, w ere  excised and incubated at 7 0 ° C  u ntil the  gel dissolved  
(approx im ate ly  2  m ins). 1m l o f  purifica tion  resin w as added and the m ix tu re  vortexed  
fo r  1 m in  before  p ipetting  in to  a 3 m l syringe barrel attached to  the lu e r-lo ck  o f  a m in i­
colum n. U s in g  the syringe plunger, the suspension was then pushed s low ly into the  
m in i-co lum n w h ere  2m l o f  8 0 %  isopropanol w as passed through in o rder to  wash the  
bound D N A . T h e  m in i-co lum n w as then transferred to  a 1.5m l m icro flig e  tube and spun 
brie fly  in a m icro fuge at 1 3 ,0 0 0 g  to  dry the resin. A fte r  adding 50)0,1 T E  buffer p H  7 .5  
to  th e  colum n in a fresh m icro fuge tube, it  w as le ft fo r 1 m in before  recovering  the 
eluate by centrifugation at 13000g  fo r  20  secs. T h e  eluted D N A  w as precipitated  
overn ight at -2 0 ° C  by the addition o f  three volum es o f  chilled ethanol and 3 0 0 m M  
sodium  acetate p H  5 .2. T h e  D N A  w as then pelleted by centrifugation, washed w ith  
7 0 %  ethanol and dried under vacuum  before resuspending in 11 .5 (ll1 sterile w a te r and 
storing at -2 0 ° C  until required.
2 .2 .1 3 . c D N A  c lo n in g .
T w o  cloning strategies w ere  used in  this study. In  the first, m od ify ing  enzymes w ere  
em ployed to  'blunt end' clone am plified  product in to  a p reviously m odified  vecto r  
(p U C 1 8 /S m a  I  c u t/B A P , Pharm acia). T h e  am plified fragm ent w as firs t treated  w ith  
K le n o w  (the  large fragm ent o f  D N A  polym erase I )  to  fill recessed 3' te rm in i and create  
'b lunt ends' suitable fo r ligation  in to  a Sm a I  digested vector. T h e  5' te rm in i w ere  then  
treated  w ith  T 4  polynucleotide kinase w hich  catalyses the transfer o f  the gam m a  
phosphate o f  adenosine 5' triphosphate to  the 5' term inus o f  D N A  (R ichardson, 1971).
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In  the second m ethod, the T A  cloning k it exploits the addition o f  single 
deoxyadenosines to  the 3 '-end o f  the am plified product by the non-tem plate  dependent 
activ ity  o f  T aq  D N A  polym erase (C la rk , 1988 ). These overhangs are used to  insert the  
am plified product in to  a specifically designed plasmid vec to r (p C R I I)  w h ich  has single 
unpaired 3' deoxythym idines at the insertion site. This procedure allow s d irect insertion  
o f  an am plified product fro m  the P C R  reaction and elim inates the need fo r enzym atic  
m odification  p rio r to  cloning.
2 .2 .1 3 .1 . 'B lu n t  e n d ’ c lo n in g  in to  p U C 1 8 /S m a  I  c u t/B A P .
P la s m id  p U C 1 8 /S m a  I  c u t /B A P .
Plasm id p U C 1 8  is a 2686b p  derivative  o f  the 4362b p  p B R 3 2 2  plasmid (B o liv a r e t  
a l . , 1977; Sutcliffe, 1978 ). Th is  plasm id contains a num ber o f  useful im provem ents: the  
tetracycline antib iotic resistance gene o f  p B R 3 2 2  has been deleted, but the am picillin  
resistance gene and p B R 3 2 2  orig in  o f  rep lication  have been retained (N o rra n d e r e t  a l ,  
1 9 8 3 ); a portion  o f  the E s c h e r i c h i a  c o l i  (E . c o l i )  lac operon has been engineered in to  the 
p U C  series o f  plasmids (V ie ira  and M essing, 1982; M essing and V ie ira , 1982; M essing  
e t  a l ,  1977 ); a po ly linker containing a m ultip le  cloning site (M C S )  region has been 
engineered into  the am ino term inus o f  the lac Z  gene encoding p-galactosidase. This  
M C S  perm its linearisation o f  the plasm id w ith  13 restriction enzymes (p U C 1 8 ), thus 
a llow ing  insertion o f  a varie ty  o f  restriction fragm ents o f  fo re ign  D N A  into the plasmid. 
A  m ap o f  this plasmid, also show ing the M C S , in detail is g iven in  F ig u re  2 .2 .
A n  active P-galactosidase enzym e cannot be produced alone by p U C 1 8  or by certain  
bacterial hosts. p U C 1 8  contains a short segment o f  E . c o l i  D N A  w h ich  only codes fo r  
the first 146 am ino acids o f  the p-galactosidase enzym e and the E . c o l i  D H 5 a  strain  
contains the genetic in form ation  only fo r  the carboxy term inal p ortion  o f  the enzyme. 
H o w e v e r, although the E . c o l i  host alone produces a defective enzym e, w hen
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produced in  conjunction w ith  the p U C 1 8  derived fragm ent, the tw o  fragm ents associate 
to  fo rm  an active (3-galactosidase enzym e (a -com plem en ta tion ). In  E . c o l i  D H 5 a  cells 
w h ich  have been successfully transform ed w ith  w ild  type p U C 1 8 , P -galactosidase gene 
expression can be induced by isopropyl-p -D -th iogalactopyranoside  (E P TG ). W hen  the  
galactoside analogue 5 -b ro m o -4 -ch lo ro -3 -in d o ly l-p -D -g a lac to p yran o s id e  (X -g a l)  is 
present it is hydrolysed by the action o f  P-galactosidase to  produce the b lue p igm ent, 
brom o-ch lo ro -indo le . Thus, bacterial colonies resulting from  transform ation  w ith  w ild -  
type  p U C 1 8  are am picillin  resistant and are blue in  co lour due to  the hydrolysis o f  X -g a l. 
H o w e v e r, insertion o f  fo re ign  D N A  into  the M C S  w ith in  the P-galactosidase gene o f  
p U C 1 8  results in  a defective enzym e w hich  is not com plem ented by bacterial enzyme. 
T here fo re  no hydrolysis o f  X -g a l occurs and w h ite  colonies are produced. A  
com bination  o f  am picillin  resistance and histochem istry (X -g a l hydrolysis) perm its rapid  
one-step identification  o f  bacterial colonies containing recom binant plasm id D N A .
T h e  p U C 1 8  vecto r used w as obtained fro m  the m anufacturer (P harm acia) in a 
m odified  fo rm , ready to  use in  blunt end ligations. I t  had been digested w ith  Sm a I  and 
then dephosphorylated by bacterial alkaline phosphatase (B A P ). A lth o ug h  Sm a I  
restriction  produces the b lunt ends required fo r ligation it also exposes 5' phosphate  
groups on the linearised plasmid. T o  prevent self-ligation and m axim ise the subsequent 
fo rm ation  o f  recom binant m olecules, the plasmid is then dephosphorylated.
2 .2 .1 3 .2 . M o d if ic a t io n  o f  c D N A  fra g m e n ts .
'B lunt ending' w as effected by incubating the purified c D N A  fragm ent 
(p reviously  resuspended in 1 1 .5 p l sterile w a te r) in a final vo lum e o f  20jjJ containing  
5 0 m M  T r is -H C l p H  7 .5 , lO m M  m agnesium  chloride, O .lm M  D T T ,  0 .4 m M  each d N T P ,  
5.5  units o f  D N A  polym erase I  K le n o w  fragm ent. T he  reaction w as incubated at room  
tem perature  fo r 45  mins and then placed on ice.
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T h e  5' term in i w ere  then phosphorylated by adding the fo llo w in g  in a final vo lum e o f  
5 0 |il:  5 0 m M  T r is -H C I p H  7 .5 , lO m M  m agnesium  chloride, 5 m M  D T T ,  O .lm M  
sperm idine, O . lm M  E D T A , 2 m M  adenosine 5' triphosphate disodium  salt (A T P )  and 20  
units T 4  polynucleotide kinase. T h e  reaction was incubated at 3 7 ° C  fo r 70  mins and 
term inated  by the addition o f  2 0 m M  disodium  E D T A .
2 .2 .1 3 .3 . P u r if ic a t io n  o f  th e  m o d ifie d  c D N A  fra g m e n t.
T h e  G eneclean I I  k it was then used to  isolate the m odified target D N A  fro m  the  
reaction  m ix. A  specially fo rm ulated  silica m atrix  (g lassm ilk) binds to  D N A  w ith o u t 
binding contam inating m aterial, and the system routinely recovers 8 0 -9 0 %  o f  D N A .
5 0 p l o f  term inated  kinase reaction w as m ixed w ith  1 50 (il 6 M  sodium  iodide before  
adding 4 p l glassmilk. T h e  suspension was then vortexed  and incubated at room  
tem perature fo r  5 mins. F o llo w in g  a b r ie f centrifugation at 13000g  fo r 10 secs, the  
supernatant was rem oved and the pellet washed three times w ith  500j.il N E W  W A S H  
(supplied w ith  k it). O nce the last wash w as rem oved, the pellet w as resuspended in 6 ji l  
H P L C  w a te r and incubated at 5 5 ° C  fo r  3 mins before pelleting at 13000g  fo r 30  secs. 
T h e  supernatant containing the D N A  w as rem oved to  a new  tube and the elution step 
repeated w ith  5 ji l  H P L C  w ater. T h e  eluates w ere  pooled so that the D N A  was in a final 
vo lum e o f  1 ljx l.
2 .2 .1 3 .4 . L ig a t io n  o f  c D N A  to  p U C 1 8 .
T h e  am ount o f  b lunt-ended/phosphorylated c D N A  present in  the final genecleaned  
solution w as estim ated by com parative intensity quantification (S ection  2 . 2 . 1 2 . )  o f  2 \x \ .  
60n g -2 0 0 n g  (so that insert:vector ratio  2 :1 ) o f  this was then added to  the fo llow ing: 
2 00n g  p U C 1 8 /S m a  I/B A P , 6 6 m M  T r is -H C I p H 7 .5 , 5 m M  m agnesium  chloride, Im M  
D T T ,  Im M  A T P  and 2 units o f  T 4  D N A  ligase. This was incubated fo r  a m inim um  o f
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16 hours at 2 2 ° C  and a five fo ld  d ilu tion  perform ed in T E  b uffe r p H 7 .5 .
2 .2 .1 3 .5 . T ra n s fo rm a t io n  o f  c o m p e te n t cells.
E . c o l i  D H 5 a  m axim um  efficiency com petent cells contain the cp80 la c Z A M IS  gene  
w h ich  requires co-expression o f  the defective p-galactosidase gene from  p U C  vectors  
fo r  a -co m p lem en ta tio n  o f  the P-galactosidase enzyme.
T h e  cells w ere  thaw ed on ice and gently  m ixed by hand. 100p,l w as tranferred  to  a 
pre-ch illed  Falcon  2 0 5 9  polypropylene tube w here a fresh 1 :10  d ilution  o f  p -  
m ercaptoethanol w as added to  a final concentration o f  2 0 m M . T h e  cells w ere  gently  
sw irled to  m ix  and placed on ice fo r  10 mins, sw irling at 2  m in  intervals, l p l  o f  diluted  
liga tion  m ix  w as added to  the cells and carefully  m ixed before  placing on ice fo r  30  
mins. A  heat pulse o f  4 2 ° C  fo r  45  secs was then applied by p lacing the tube in a w a te r  
bath. T h e  cells w e re  then returned to  ice fo r 2  mins. 900p,l o f  ro o m  tem perature S O C  
m edium  (2 % ( w /v )  bacto -tryptone, 0 .5 % (w /v )  yeast extract, lO m M  sodium  chloride, 
2 .5 m M  potassium  chloride, lO m M  m agnesium  chloride, lO m M  m agnesium  sulphate, 
2 0 m M  glucose) w as added and the cells w ere  then shaken at 22 5  rpm  at 3 7 ° C  fo r  1 
hour in  a contro lled environm ent shaker (G 2 4  environm ental incubator shaker, N e w  
B ru n sw ick  Scientific C om pany In co rp o ra ted ) to  a llo w  the transform ed cells tim e to  
synthesise P-lactam ase. A liq u o ts  o f  50pJ, lOOp.1 and 200jll1 o f  the transform ation  m ix  
w e re  spread onto L B  am picillin  plates ( l % ( w /v )  bacto-tryptone, l % ( w /v )  yeast extract, 
8 6 m M  sodium  chloride, 1 .5 % (w /v )  bacto-agar, 0.1 m g/m l am pic illin ) to  w hich  stock  
E P TG  (2 % (w /v )  in w a te r) and X -g a l (2 % (w /v )  in D M F )  w ere  added to  achieve final 
concentrations o f  0 .01  m g and 0 .2m g  respectively, per m l o f  agar. T h e  plates w ere  
allow ed  to  dry and then inverted before  incubating at 3 7 ° C  overnight.
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2.2.13.6. Cloning of virus cDNA using the TA cloning Kit.
P la s m id  p C R I I  ( T A  c lo n in g  v e c to r  )
T h e  p C R II  vec to r is sim ilar to  the p U C 1 8  plasmid in that it contains genes coding fo r  
am picillin  resistance and a defective p-galactosidase. I t  also has a M C S  w ith in  the p - 
galactosidase gene, thereby perm itting  the same rapid one-step identification  o f  bacterial 
colonies containing recom binant colonies w hen a suitable host cell has been used. T he  
fo llo w in g  are some o f  the ways in w h ich  p C R II  differs fro m  p U C 1 8  : it  is 3 9 3 2  bp long, 
it  has a kanam ycin resistance gene, it  contains T 7  and Sp6 prom oters, it is linearised 
w ith  single 3' deoxythym idine-overhangs at the insertion site w ith in  the M C S , it has E co  
R l  restriction  sites either side o f  the insertion site (see F igure  2 .3 .)
2 .2 .1 3 .6 .1 . L ig a t io n  o f  c D N A  to  p C R I I
A  small vo lum e o f  am plification  reaction (S ection  2 .2 .1 0 .3 .)  w as p re-d ilu ted  so that 
w hen  added to  the final ligation  m ix, the  m olar ratio  o f  vecto r : insert was betw een 1:1 
and 1:3. ljo l o f  d iluted P C R  w as added on ice to  10(0.1 o f  1 x  T A  ligation  buffer (supplied  
w ith  k it )  containing 50ng p C R II  vecto r and to  w hich  ljo l T 4  D N A  ligase (supplied w ith  
k it )  had been added. Th is  w as incubated fo r  a m inim um  o f  4  hours at 1 2 °C .
2 .2 .1 3 .6 .2 . T ra n s fo rm a t io n  o f  c o m p e te n t cells.
T A  O ne Shot IN V a F '  com petent E .c o li cells w ere  transform ed in a sim ilar m anner to  
that used fo r D H 5 a  cells (S ection  2 .2 .1 3 .5 .) . T h e  only features w h ich  d iffered w ere  : 
50p.l com petent cells w ere  used, 1(0.1 undiluted ligation  reaction w as added to  the cells 
and only 450(0.1 o f  S O C  m edium  added to  the 'heat-shocked cells'.
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M a p  o f  n C R U  p lasm id  v e c to r  s h o w in g  th e  m u lt ip le  c lo n in g  site
FIGURE 2.3.
M13 Reverse Primer
CAG
GTC
GAA
CTT
AGA
TGT
GCT
CGA TAC TG
So6 Promoter
ATG AC C ATG ATT
G TAC TAA
ACG
Tgc
CCA
GGT
AGO T 
TCG A
AT TTA 
TA AAT
GGT
CCA
GAC ACT ATA GAA
CTG TGA TAT CTT
Nsil Hindlll Kpnl Saci BamH! Spel
TAC TCA AGC TAT GCA TCA AGC TTG GTA CCG AGC TCG GAT CCA CTA GTA ACG GCC 
ATG AGT TCG ATA CGT AGT TCG AAC CAT GGC TCG AGC CTA GGT GAT CAT TGC CGG
BstXI EcoRl
GCC AGT GTG CTG GAA TTC GGC TTI 
CGG TCA CAC GAC CTT AAG CCG A Q PCR Product
EcoRl
|A GCC GAA TTC TGC AGA TAT 
ITT CGG CTT AAG ACG TCT ATA
Aval
PaeR7l
BstXI Notl Xhol Nsil Xbal Apal
CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG
GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC
CCC TAT 
GGG ATA
T7 Promoter M13 (-20) Forward Primer M13M0) Forward Primer
AGT GAG TCG TAT TA C AAT TCA CTG GCC GTC GTT TTA q AA CG T CGT GAC TGG GAA AAC
TCA CTC AGC ATA AT GTTA AGT GAC CGG CAG CAA AAT G TT GC A GCA CTG ACC CTT TTG
2.2.14. Screening of recombinant cDNA clones.
2 .2 .1 4 .1 . M a in te n a n c e  a n d  s h o r t-te rm  sto rag e  o f  selected colonies.
W e ll separated w h ite  colonies w ere  rem oved w ith  a sterile to o th p ick  and streaked  
onto  m aster L B  am picillin  plates containing IP T G  and X -g a l as described in Section
2 .2 .1 3 .5 . A fte r  incubation at 3 7 ° C  overnight, these w ere  stored at 4 ° C  as a tem porary  
stock.
2 .2 .1 4 .2 . R a p id  screen in g  o f  p la s m id  D N A .
A  small area ( lm m ^ )  o f  the streaked colony w as rem oved by to o th p ick  and 
resuspended in  2 5 p l o f  lysis bu ffer (5 0 m M  sodium  hydroxide, 5 m M  disodium  E D T A ,
0 .5 %  S D S ). T h e  suspension w as incubated at 6 8 ° C  fo r 45  mins and then 2 \ i \  o f  gel 
load ing dye w as added. T h e  sample w as electrophoresed in a 1%  agarose gel in 1 x  
T A E  buffer fo r 45  mins at 100 volts. T h e  gel was then stained and photographed. 
C olonies like ly  to  contain  the recom binant p U C 1 8  w ere  identified  as those m igrating  
m ore s low ly  re lative  to  w ild  type  p U C 1 8 .
2 .2 .1 5 . S m a ll scale e x tra c tio n  o f  p la s m id  D N A .
T h e  M a g ic  M in ip re p  D N A  purification  k it  w as used. I t  em ploys alkaline lysis sim ilar 
to  that used by B irn b o im  and D o ly  (1 9 7 9 ) to  produce the clear bacterial lysate fro m  
w hich  the plasm id is purified. A  specially form ulated  resin w h ich  has a high affin ity  fo r  
D N A  is used in the purification  procedure. T h e  system produces 4  -1 0 p g  plasmid  
suitable fo r  digestion or sequencing.
A  colony fro m  the m aster plate (o r  cells fro m  a frozen  stock) w as rem oved by  
to o th p ick  in to  3 m l o f  L B  broth  (1 .5 % (w /v )  bacto-tryptone, 0 .5 %  (W /v ) yeast extract,
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8 6 m M  sodium  chloride) containing am picillin  at 0.1 m g/m l and incubated at 3 7 ° C ,  
shaking at 225 rp m  overnight. T h e  cells w ere  pelleted by centrifugation  at 13 ,000g  fo r 5 
m ins and the supernatant aspirated. T h e  pellet was then resuspended by vortex ing  in 
200p,l o f  cell resuspension solution (5 0 m M  T r is -H C I, p H  7 .5 , lO m M  disodium  E D T A  
and lO O pg/m l R N ase  A )  before m ix ing  w ith  200p,l cell lysis solution (0 .2 M  sodium  
hydroxide, 1%  S D S ). O nce lysed, neutralisation was effected by adding 200j.il 
neutralisation solution (2 .5 5 M  potassium  acetate, p H  4 .8 ) and inverting  the tube tw ice. 
T h e  supernatant, produced by centrifugation at 13000g  fo r 5mins, w as m ixed w ith  1ml 
o f  purification  resin and this suspension fed into a m ini-co lum n w h ere  it w as washed  
w ith  2m l o f  colum n w ash (lO O m M  sodium  chloride, lO m M  T r is -H C I p H  7 .5 , 2 .5 m M  
disodium  E D T A , 4 7 .5 % (v /v )  ethanol). W ash ing  and elu tion  w as perform ed in an 
identical m anner to  those steps in the M a g ic  P C R  preps D N A  purification  system  
(S ection  2 .1 3 .) . T h e  purified plasm id D N A  w as thus eluted in  5 0 jll1 T E  buffer p H  7 .5  
and stored at -2 0 ° C .
2 .2 .1 6 . R e s tr ic tio n  e n zym e  d ig es tion  o f  p la s m id  D N A .
R estric tion  enzym e digests w ere  routinely  perform ed on 0 .2 - lp g  o f  plasm id D N A  
using 1 0 -1 2  units o f  each o f  the appropriate enzymes in a  final vo lum e o f  2 0 jj1  F ive  
enzym e buffers w ere  used, the com positions o f  w hich  are given in  Tab le  2 .2 . W h ere  
tw o  enzymes w ere  added to  one reaction, the buffer used was one deduced fro m  Tab le
2 .3 . to  gain the highest percentage activ ity  from  both  enzymes. T h e  digests w ere  
incubated at 3 7 ° C  fo r  1 hour.
2 .2 .1 7 . D N A  seq uen c ing  o f  c loned  ru b e lla  c B N A s .
D id e o x y n u c le o tid e  sequencing .
D N A  sequencing w as perform ed on recom binant plasmid clones using the dideoxy  
chain term ination  m ethodology (Sanger e t  a l . ,  1977 ). This m ethodology consists o f
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TABLE 2.2.
RESTRICTION ENZYME BUFFERS
(Taken from Boehringer Mannheim technical data shee
Incubation
Buffer
Recipe (x10 buffers)
A 33mM Tris acetate 
10mM Mg acetate 
66mM K acetate 
0.5mM DTT 
pH 7.9
B 10mM Tris HCl 
100mM NaCl 
5mM MgCI 
1mM fiME 
pH 8.0
H 50mM Tris HCl 
100mM NaCl 
10mM MgCI 2 
1mM Dithioerythritol 
pH 7.5
L 10mM Tris HCl 
10mM MgCI 2 
1mM DTT 
pH 7.5
M 10mM Tris HCl 
10mM MgCI 2 
50mM NaCl 
1mM Dithioerythritol
Restriction enzymes and buffers were 
purchased from Boehringer Mannheim
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TABLE 2.3.
PERCENTAGE ACTIVITY OF RESTRICTION ENZYMES 
IN INCUBATION BUFFERS
(Taken from Boehringer Manheim Technical Datasheet)
Incubation Buffers
Enzyme A B H L M
Bam HI 100 100 25-50 75-100 100
Eco Rl 100 100 100 25-50 50-75
Hind III 50-75 100 10-25 25-50 100
Kpn 1 75-100 10-25 0-10 100 25-50
Sac 1 100 0-10 0-10 100 50-75
Sma 1 100 0-10 0-10 0-10 0-10
Acc 1 100 0-10 0-10 10-25 0- 10
Sph 1 50-75 75-100 75- 100 25-50 100
The correct buffer to be used with each restriction enzyme 
is shown underlined.
All enzymes were incubated at 37°C, except SMA I which was 
incubated at 25°C.
When double restriction digests were performed, that buffer 
giving the optimal percentage activity for both enzymes 
was used.
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three d ifferent stages :
1. T h e  prim er is annealed to  the tem plate  D N A .
2. D N A  polym erisation occurs using lim iting  concentrations o f  d N T P s  
(inc luding  one radiolabelled d N T P ) to  extend the prim er by a few , o r by several 
hundreds of, nucleotides.
3. T h e  final stage consists o f  a set o f  fo u r chain-extension term ination  reactions in  
w h ich  the radiolabelled chains are extended until term inated by the incorporation  o f  a 
dideoxynucleoside triphosphate (d d N T P ). These nucleotide analogues lack the 3 - O H  
group necessary fo r D N A  chain elongation. D u rin g  this step, the chains are extended on 
average by 2 0 -5 0  nucleotides.
T h e  reactions are term inated by the addition o f  E D T A  and form am ide, denatured by  
heating and run on polyacrylam ide electrophoresis gels.
A ll D N A  sequencing reactions w ere  perform ed using the Sequenase V ers io n  2 .0  or 
Sequenase 7 -d e a za -d G T P  Sequencing kits. T h e  com position o f  the labelling and 
term ination  m ixes d iffer betw een the tw o  kits, but all o ther reagents and procedures  
used are the same. B o th  o f  these kits contain the enzym e Sequenase version 2 .0  (T a b o r  
and R ichardson, 1 9 8 7 ) w h ich  is a genetic variant o f  the bacteriophage T 7  D N A  
polym erase. This enzym e is particu larly  good fo r sequencing because o f  its high  
processivity, lack o f  3' to  5' exonuclease activ ity  and efficient incorporation  o f  popular  
nucleotide analogues.
2 .2 .1 7 .1 . P re p a ra t io n  o f  th e  sequencing  gel p lates.
B o th  fro n t and back plates w e re  thorough ly  cleaned w ith  detergent and hot tap  
w ater, rinsed w ith  w a te r and then w ith  ethanol before placing in a fum ehood to  dry. T h e  
larger back p late was coated w ith  10m l o f  silane solution ( 0 . 3 % ^ ^ )  gam m a- 
m ethacryloxypropyltrim ethoxysilane and 0 .1 5 % (v /v )  acetic acid in ethanol), the excess
98
liquid  w as rem oved w ith  a tissue and the surface washed w ith  ethanol and w iped  w ith  a 
clean tissue. T h e  sm aller fro n t p late w as siliconised by the application o f  10m l o f  
dim ethyl dichlorosilane and the excess sim ilarly rem oved before w ashing w ith  ethanol 
and w ip in g  w ith  a clean tissue. T h e  tw o  treated surfaces o f  the plate w e re  clam ped  
together, w ith  a 0 .4m m  spacer arranged dow n  each side. T h e  plates w ere  then secured 
together using 3 M  y e llo w  electrical tape along the base and sides.
2 .2 .1 7 .2 . P re p a ra tio n  o f  th e  sequencing  gel.
D N A  sequencing w as perform ed in 6 % (w /v )  acrylam ide:bisacrylam ide (1 9 :1 )  gels 
w h ich  w ere  40cm  long and 0 .4m m  th ick. F o r  each gel, 75m l o f  sequencing gel m ix  was  
prepared containing : 7m  urea and 6 %  acrylam ide:bisacrylam ide (1 9 :1 )  in T B E  buffer 
(8 9 m M  Tris -bo ra te  p H 8 .3 , 2 m M  disodium  E D T A ) .  T h e  solution w as heated to  3 7 ° C  to  
dissolve the urea. 0 .1 % (v/v )  N ,N ,N ',N '-te tram eth y le th y len e -d iam in e  ( T E M E D )  and 
0 .0 6 % (w /v )  am m onium  persulphate (freshly m ade) w ere  added im m ediately  before  
casting the gel. T h e  solution was m ixed (avo id ing  bubbles) and then poured in to  the  
prepared p late assembly using a 60m l syringe, tak ing  care to  avoid bubbles form ing. 
Sharkstooth  combs w ere  correctly  orientated and the gel le ft to  set fo r  1 hour. T h e  tape  
w as then rem oved fro m  the base o f  the p late and the sharkstooth combs re-orientated  
before pre-running the gel fo r  30  mins at 75  w atts  in T B E  buffer using a G ib c o -B R L , 
m odel S2 sequencing gel electrophoresis kit.
2 .2 .1 7 .3 . D N A  sequencing  reac tio ns . 
A lk a lin e  d e n a tu ra t io n  o f  th e  re c o m b in a n t p lasm id
3-5ptg o f  plasm id D N A  (S ection  2 .2 .1 5 .)  w as denatured by the addition o f  2 0 0 m M  
sodium  hydroxide and 0 .2 m M  disodium  E D T A . T h e  preparation w as m ixed and 
incubated at 3 7 ° C  fo r  30  mins. N eutra lisa tion  and precip itation  w e re  effected by the  
addition  o f  3 0 0 m M  sodium  acetate p H  4 .8  and 3 volum es o f  chilled ethanol and
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im m ediate p lacem ent in a d ry -ice  /  ethanol bath fo r 5 mins. T h e  D N A  w as pelleted by  
centrifugation  at 13 ,000g  fo r 20  mins at 4 ° C ,  washed w ith  7 0 %  ethanol and dried under 
vacuum  fo r 10 mins. T h e  pellet w as resuspended in a 1 OjllI solution containing 0 .5  pm ol 
p rim er in  4 0 m M  T r is -H C I p H  7 .5 , 2 0 m M  m agnesium  chloride, 5 0 m M  sodium  chloride  
(supplied as 5 x  reaction buffer).
A n n e a lin g  te m p la te  a n d  p r im e r
F o llo w in g  resuspension o f  the denatured plasm id in reaction buffer and prim er it  was  
heated to  6 5 ° C  fo r  3 mins, cooled s low ly to  room  tem perature (w ith in  30  m ins) and 
then placed on ice.
D N A  L a b e llin g  re a c tio n
T h e  reagents quoted here w e re  those used fo r the Sequenase V ers io n  2 .0  k it. T h e  
labelling m ix  and term ination  m ixes o f  the Sequenase 7 -d e a za -d G T P  k it d iffer only in  
that the d G T P  is replaced by 7 -d e a za -d G T P  (in  the same quantities). T h ere  are no other 
differences in  reagent com position betw een  the kits.
T h e  fo llo w in g  w e re  added to  the annealed tem plate-prim er suspension: lp.1 O .lm M  
D T T ,  l p l  deoxyadenosine 5 '-(a lp h a-[ 8 ^S ] th io ) triphosphate (specific activ ity  >  
lO O O Ci/m m ol) ( lO p C i) , and 2 j i l  o f  a 1:5 d ilution  o f  the 5 x  labelling m ix  in H P L C  w ate r  
( 7 .5 p M  d G T P , 7 .5 p M  d C T P , 7 .5 p M  d T T P ). F inally, 2 \ i \  o f  Sequenase version 2 .0  
enzym e diluted 1:8 in ice cold enzym e d ilution  buffer ( lO m M  T r is -H C I p H  7 .5 , 5 m M  
D T T ,  0 .5m g /m l bovine serum album in), w as added and the reaction carefully m ixed  
before  incubating at ro o m  tem perature fo r 3 mins.
T e rm in a t io n  reac tio ns
3 .5 ( il o f  the resultant labelling reaction m ix  was aliquoted into  each o f  fo u r 0 .5m l 
m icro fuge tubes w h ich  contained 2 .5 jll1 o f  one o f  each o f  the fo u r term ination  mixes:
100
-  d d G  Term inatio n  m ix: 8 0 j jM  d G T P , 8 0 p M  d A T P , 8 0 j± M  d C T P , 8 0 p M  d T T P , 8(aM  
d d G T P , 5 0 m M  sodium  chloride.
- d d A  Term inatio n  m ix : 8 0 j jM  d G T P , 8 0 p M  d A T P , 8 0 p M  d C T P , 8 0 p M  d T T P , 8 p M  
d d A T P , 5 0 m M  sodium  chloride.
- d d T  Term inatio n  m ix: 8 0 j jM  d G T P , 8 0 | iM  d A T P , 8 0 p M  d C T P , 8 0 [ iM  d T T P , 8 p M  
d d T T P , 5 0 m M  sodium chloride.
- ddC  Term inatio n  m ix : 8 0 p M  d G T P , 8 0 p M  d A T P , 8 0 j jM  d C T P , 8 0 p M  d T T P , 8 j jM  
d d C T P , 5 0 m M  sodium  cliloride.
T h e  reactions w ere  incubated at 3 7 ° C  fo r  5 mins, and then term inated  by the addition  
o f  4 j i l  o f  Stop solution (9 5 %  form am ide, 2 0 m M  E D T A , 0 .0 5 %  brom ophenol blue, 
0 .0 5 %  xylene cyanol F F ) w ith  thorough  m ixing. T h e  samples w ere  then  stored fo r  up to  
one w e e k  at -2 0 ° C .
A lte ra t io n s  o f  seq uen c ing  re a c tio n  co n d itio n s
R eading  sequences close to  the prim er:
These changes to  the standard p ro tocol w e re  used to  obtain sequence data close to  
the  prim er (the region betw een  positions 0  and 120 fro m  the p rim er).
- D o u b le  the am ounts o f  tem plate and prim ers w ere  used.
-  T h e  labelling m ix  used during the annealing o f  the prim ers, w as subjected to  a 
greater dilution: 1:10.
-  T h e  reaction tim es o f  the labelling and term ination  reactions w ere  both  reduced to  
3 mins.
- E lectrophoresis w as continued until the first dye fron t (b rom opheno l b lue) ran 8 0 %  
o f  the length o f  the gel. (brom opheno l blue co-m igrates w ith  D N A  2 6  bases long in  a 
6 %  polyacrylam ide gel).
M o s t o f  the sequence data w as obtained using 7 -d e a za -d G T P  in the reactions. 
A ltera tions  recom m ended by the m anufacturer to  obtain sequence m ore  distant fro m  the
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prim er (3 5 0 -5 0 0  bases), did not produce sequence in form ation  that w as readable in this 
region. A s a consequence, the standard pro toco l was em ployed fo r all o ther sequencing  
to  p rovide sequence data extending 3 0 0 -4 0 0  nucleotides fro m  the prim er.
2 .2 .1 7 .4 . S eq u en c in g  p r im e rs .
Sequencing w as usually effected using the ( -4 0 )  U niversa l p rim er ( 5 -  
G T T T T C C C A G T C A C G A C -3 1) (Sequenase k it )  and the M l 3 reverse prim er ( 5 -  
A A C A G C T A T G A C C A T G -3 ') .  T h e  regions in p U C 1 8  and p C R II  vectors to  w hich  
these prim ers anneal, ju s t outside the M C S , are shown in F igures 2 .4 . and 2 .3 . 
respectively. T h e  M l 3 reverse p rim er sequences the opposite strand fro m  the universal 
prim er. A ll o ther prim ers used are listed in  Tab le  2 .4 . In  all cases the prim ers used w ere  
m ade to  a concentration o f  0 .5p m o l /  j l l .  B y  prim ing on the opposite strand o f  regions  
contain ing strong secondary structure, some o f  these prim ers w ere  used to  clarify  areas 
o f  sequence w h ich  had previously p roved d ifficu lt to  elucidate.
2 .2 .1 7 .5 . D e n a tu r in g  gel e lectro ph o res is .
P rio r to  loading, the fo u r samples w ere  heated to  8 0 ° C  fo r 2  mins and then 2-5p,l 
im m ediate ly  loaded into  adjacent w ells  in a noted order (C , A , T , G  w as conveniently  
used). E lectrophoresis w as effected at 75 w atts  fo r  1.5 - 4  hours. T o  im prove the  
quality  o f  sequence data beyond 2 5 0  bases using standard p ro toco l reactions, the  
fo llo w in g  steps w ere  taken  during electrophoresis:
-  0 .5  x  T B E  buffer w as present in  the top  reservoir.
-  1 x  T B E  buffer w as present in  the b o ttom  reservoir.
-  A fte r  1 hour electrophoresis tim e at 75 w atts  constant p ow er, 3 M  sodium  acetate  
p H  5 .0  to  a final concentration o f  I M  w as added to  the b o tto m  reservoir. T h e  higher 
electro lyte  concentration in the b o ttom  reservoir w hich  resulted, decreased the vo ltage  
gradient in  the lo w e r p ortio n  o f  the gel causing the sm aller m olecules to  m igrate  at a
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slow er rate th rough  the gel m atrix . A s a result these bands stacked m ore closely  
together at the b o tto m  o f  the gel and a llow ed m ore bases to  be read fro m  a single 
sample load. T h e  electrophoresis w as then continued fo r a fu rther 3 -3 .5  hours.
2 .2 .1 7 .6 . A u to ra d io g ra p h y .
A fte r  electrophoresis, the fro n t plate w as rem oved and the gel on the back p late fixed  
in  a solution o f  1 2 %  m ethanol and 10%  glacial acetic acid in w ater. T h e  gel was washed  
in cold running tap w a te r fo r 20  mins and dried in  a hot ( 8 0 ° C )  oven fo r  1 hour. T he  gel 
w as then m onitored  w ith  a G eiger counter and exposed to  R X  X -ra y  film  (F u ji) in a 
spring loaded m etal cassette at ro o m  tem perature. T h e  film  was developed after 1-4  
days, depending on the intensity o f  the m onitored  counts.
2 .2 .1 8 . C o m p u te r  analyses.
Sequence data w as assembled and analysed using the M ic ro g e n ie  sequence analysis 
program  (B eckm an  Instrum ents In co rp o ra ted ) and C lustal (H ig g in s  and Sharp, 1988 and 
1989; H igg ins  e t  a l ,  1992 ).
2 .2 .1 9 . S o u th e rn  b lo ttin g .
A garose gels used to  separate D N A s  w ere  agitated in D N A  denaturing solution  
( 1 .5 M  sodium  chloride, 0 .5 M  sodium  hydroxide) fo r  45  mins before  soaking in  
neutralisation solution (1 .5 M  sodium  chloride, 0 .5 M  T r is -H C I p H  7 .2  and 0 .0 0 1 M  
disodium  E D T A )  fo r  the same duration. T he  southern b lo t apparatus w as then  
assembled. A  small plastic b o x  w ith  a glass p late on top , w as placed centrally  in a 
reservo ir o f  transfer bu ffer (2 0  x  SSC: 3 M  sodium  chloride, 0 .3 M  sodium  citrate, p H  
7 .0 ) . A  bridge was then created by laying a sheet o f  p re -w etted  (in  transfer b u ffe r) 
3 M M  filte r  paper (fo lded  over 3 tim es) on top  o f  the glass plate w ith  overhanging ends
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subm erged in  the transfer buffer. T h e  inverted gel was then placed onto  the bridge in 
contact w ith  the 3 M M  filte r paper. A  gel-size piece o f  positively  charged nylon  
m em brane w as then positioned carefu lly  onto the gel before adding tw o  pieces o f  p re­
w e tted  (in  transfer b uffe r) 3 M M  paper (cu t to  gel size). A ir  bubbles w ere  elim inated as 
each layer w as added, by ro lling  a p ipette  gently  over the surface. Th is  w as done to  
ensure good contact and thus effic ient transfer. A n  8cm  high stack o f  absorbent tissues 
w as la id  on top  o f  the 3 M M  filte r paper, fo llo w ed  by a perspex p late w ith  a 500g  lead 
w eig h t on top . T h e  b lo tting  w as then le ft to  proceed overnight. D u rin g  this tim e, the  
transfer bu ffer passes th rough  the gel, draw n by capillary action tow ards  the dry tissues. 
In  doing so, the denatured D N A  is transferred from  the gel to  the  positively charged  
nylon m em brane. O nce the b lo tting  w as com pleted, the gel was used as a tem plate  to  
m ark  the position o f  the w ells  on the m em brane. T he  m em brane w as then baked at 
1 2 0 °C  fo r  30  mins to  perm anently bind the D N A .
P re p a ra t io n  o f  d ig o x ig e n in -la b e lle d  R V  p robes
T h e  hapten, d igoxigenin  (a  steroid w h ich  occurs exclusively in digitalis plants), is 
linked v ia  a spacer arm  to  deoxyurid ine-triphosphate (d U T P ) and incorporated  into  the  
n ew ly  synthesised D N A  (F ig u re  2 .5 .)  by the random  prim ed D N A  labelling m ethod  
(Fe inberg  and V ogelste in , 1983 ). This m ethod allow s effic ient labelling o f  as little  as 
lO ng o f  D N A  and results in  digoxigenin  incorporation  every 2 0 -2 5  nucleotides in the  
n ew ly  synthesised D N A .
T h e  purified  D N A  tem plate fo r  the labelling reaction w as boiled  fo r  10 mins and 
im m ediately  chilled in ice w a te r to  denature. T he  constituents o f  the labelling reaction  
w e re  added (on  ice) in  the fo llo w in g  order and to  g ive final concentrations: 10ng-3jxg o f  
denatured D N A  tem plate, 2 \x \  o f  10 x  hexanucleotide m ixture  ( 0 .5 M  T r is -H C l, 0 .1 M  
m agnesium  chloride, Im M  D T T ,  2jag/(Ltl bovine serum album in, 2 ja g /|il hexanucleotides; 
p H  7 .2 ) , 2 \ l \  10 x  d N T P  labelling m ix  ( I m M  d A T P , Im M  d C T P , Im M  d G T P , 0 .6 5 m M  
d T T P , 0 .3 5 m M  d ig o x ig en in -d U T P ; p H  6 .5 )  and lp.1 K le n o w  enzym e (2  units/p,l). This
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S c h e m a tic  d ia g ra m  o f  th e  d ig o x ig e n in -c h e m ilu m in e s c e n t la b e llin g
FIGURE 2.5.
a n d  d e tec tio n  p ro c e d u re
Unear denatured DNA
+ random 
hexanucleotides
/W/W + dATP, dCTP, dGTP, dTTP + Dlg-dUTP <J> + Klenow enzyme
Synthesis of labeled DNA
Filter-bound 
homologous DNA 
+ labeled DNA
H y b r id iz a t io n
+ antibody conjugate 9?
A n t ib o d y  h a p te n  c o m p le x
+  A M P P D
A P -c a ta ly z e d  lu m in e s c e n t  
r e a c t io n
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2 0 p l reaction  m ixture  w as then incubated at 3 7 ° C  overnight before  adding 2|_il 0 .2 M  
disodium  E D T A  p H  8 .0  to  stop the reaction. 2.5|±1 4 M  lith ium  chloride, lp.1 g lycogen  
and 7 5 ]ll1 chilled ethanol w as added and this m ixed w e ll p rio r to  incubation at -7 0 ° C  
fo r 30  mins. T h e  precip itate w as then pelleted at 12 ,000g  fo r  10 mins, washed in 7 0 %  
ethanol and dried under vacuum  before resuspending in 50p,l T E  b uffe r p H  8 .0 .
2 .2 .2 0 . H y b r id is a t io n  o f  D N A  p robes to  ta rg e t D N A  im m o b ilis e d  on p o s itiv e ly  
c h a rg e d  n y lo n  m e m b ra n e .
H ybrid isation  involves the fo rm ation  o f  double stranded nucleic acid m olecules by 
the  production  o f  hydrogen bonds betw een  w h o lly  o r partia lly  com plem entary  
sequences. H ybrid isation  can be effected using lo w  stringency conditions ( e g .  high salt, 
lo w  tem peratu re ) to  a llo w  the fo rm atio n  o f  D N A  hybrids betw een D N A  species w ith  
little  hom ology, or, it can be effected using high stringency conditions ( e g .  lo w  salt, high  
tem peratu re ) to  a llo w  only those D N A  molecules w ith  a high degree o f  hom ology to  
fo rm  D N A  hybrids.
D enatured , labelled R V  c D N A  m olecules w ere  used here to  iden tify  D N A  bearing a 
high degree o f  hom ology to  it by incorporating  high stringency conditions during  
hybrid isation and washing stages.
B aked  positively charged nylon m em brane containing target D N A  sequences was  
ro lled  betw een tw o  pieces o f  nylon mesh, placed in a hybridisation bo ttle  (H y b a id ) and 
ro tated  fo r 2 hours at 6 8 ° C  in 2 0 m l o f  prehybridisation solution (5  x  SSC , O . f f /o ^ /v )  
N -Lauro lysarcos ine , 0 .0 2 % (w /v )  sodium  dodecyl sulphate (S D S ), 100p,g /m l single­
stranded herring testes D N A  and 2 .5 %  blocking  reagent (supplied w ith  k it). 80ng  
digoxigenin-labelled  probe was boiled  fo r 10 mins and quenched on ice w a te r to  
denature, before adding to  the 20m l o f  prehybridisation buffer. H ybrid isation  was  
effected by overn ight ro ta tio n  o f  the hybridisation bottle  at 6 8 °C .
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T h e  m em brane w as then subjected to  post-hybridisation washes, the first o f  w hich  
w as in  2  x  SSC , 0 .1 % (w /v )  S D S , fo r 5 mins at room  tem perature. Th is  low -stringency  
w ash w as repeated once, before com pleting tw o  15 mins washes at high stringency in  
0.1 x  SSC , O . l 'k o ^ /v )  S D S  at 6 8 ° C . T h e  m em brane w as then ready fo r  
chem ilum inescent detection.
2 .2 .2 1 . C h e m ilu m in e s c e n t d e te c tio n  o f  b o u n d  d ig o x ig e n in  p ro b e  on S o u th e rn  
blo ts .
Th is  occurs in three stages. In  the first stage, the m em brane is treated  w ith  b locking  
reagent to  prevent non-specific binding o f  antibody to  the m em brane. In  the second, 
anti-d igoxigenin  fab fragm ents conjugated w ith  alkaline phosphatase (A P ) bind to  
hybridised d igoxigenin-labelled D N A . In  the final stage, the bound A P  reacts w ith  
lum igen P P D  [4 -m eth o xy-4 -(3 -p h o sp h a te -p h en y l)-sp iro (l,2 -d io xe tan e-3 ,2 '-ad am an tan e ) 
disodium  salt]. T h e  A P  dephosphorylates the lum igen P P D , w h ich  upon decom position, 
v ia  an unstable interm ediate, emits light (F ig u re  2 .5 .)  and this is then recorded on X -ra y  
film .
A ll detection steps p rio r to  the use o f  buffer 3, w ere  perform ed by ro tating  the  
hybridisation bottle  at ro o m  tem perature.
F o llo w in g  post-hybrid isation washes, the m em brane was washed in 100m l o f  washing  
b uffe r ( 0 .1 M  m aleic acid, 0 .1 5 M  sodium  chloride, p H  7 .5  and 0 .3 % (v /v )  T w een  2 0 ) fo r  
5 mins before b locking  fo r  30  mins in  100m l o f  2 % (w /v )  b locking  buffer (  2 % (w /v )  
B oehringer b locking  reagent in 0 .1 M  m aleic acid, 0 .1 5 M  sodium  chloride, p H 7 .5 ). T h e  
m em brane w as then incubated fo r 30  mins in 20m l o f  a 1 :1 0 ,0 0 0  d ilution  o f  anti- 
d igoxigen in -A P  fab fragm ents in  2 %  b locking  buffer before subjecting it to  tw o  15 mins 
washes in  washing buffer. T h e  m em brane w as then rem oved fro m  the hybridisation
Post-hybridisation washes
109
b ottle  and placed fla t in a plastic container holding 20m l o f  b u ffe r 3 (0 .1 M  T r is -H C l, 
0 .1 M  sodium  chloride, 0 .0 5 M  m agnesium  chloride, p H 9 .5 ). T h e  m em brane w as  
equilibrated in  b uffe r 3 fo r  5 mins at room  tem perature. B u ffe r 3 w as replaced by 10m l 
o f  1 :100  Lum ig en  P P D  freshly d iluted in  bu ffer 3. T h e  reaction w as a llow ed  to  proceed  
at ro o m  tem perature fo r 3 mins before rem oving the m em brane and a llow ing  excess 
m oisture to  drip o ff. T h e  m em brane was sealed in  saran w rap  before  exposing to  R X  
X -ra y  film  (F u ji) in  a spring loaded m etal cassette at room  tem perature  fo r  15 mins to  3 
hours.
2 .2 .2 2 . R e m o v a l o f  D N A  p ro b e
T h e  m em brane w as rinsed in sterile w a te r before washing tw ice  in  0 .2 M N a O H , 0 .1 %  
S D S  at 3 7 ° C  fo r  15 mins. F o llo w in g  a wash in 2  x  SSC , the m em brane was reprobed  
directly  o r stored at 4 ° C  in 2  x  SSC  until required.
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C H A P T E R  3 .
D E V E L O P M E N T  O F  R E V E R S E  T R A N S C R I P T I O N
A N D
A M P L I F I C A T I O N  O F  R V  R N A .
3.1. Introduction.
3 .1 .1 . R everse  tra n s c r ip t io n  ( R T )  -  P o ly m e ra s e  c h a in  re a c tio n  (P C R )
T h e  use o f  the  polym erase chain reaction (P C R ) to  am plify R N A  reverse transcribed  
fro m  c D N A  has m ade it  possible to  produce sequence data from  defined regions o f  v ira l 
genom ic R N A  (M u llis  e t  a l ,  1986; M u llis  and Falloona, 1987; V eres  e t  a l ,  1987; 
R appo lee  e t  a l ,  1988 ). A lth o ug h  some know ledge o f  the sequence data is required, this 
m ethod has several advantages over conventional cloning fo r the exam ination o f  specific 
regions o f  sim ilar viruses. Faster isolation o f  the desired fragm ent is possible and less 
tim e and e ffo rt need be expended to  identify , clone and sequence a particular region o f  
interest in one or m ore viruses.
C onventional cloning m ethods using o ligo d T , random  and specific prim ers w ere  
em ployed by previous w o rkers  in  the laboratory  to  create c D N A  libraries o f  the Thom as  
R V  strain. These clones contained only R V  c D N A  encoding the structural proteins, 
w ith  the exception o f  one clone w h ich  w as la ter identified as containing a N S  coding  
region. Therefo re , fo llo w in g  the publication o f  N S  data o f  the Therien  R V  strain fro m  
w h ich  prim ers could be designed, it w as decided to  adopt R T -P C R  to  am plify the N S  
genom ic regions o f  the R V  strains involved in this study (D o m in g u ez  et. a l ,  1990 ).
In  the early stages o f  this study, a published m ethodology existed (H o -T e rry  e t  a l ,  
1 9 9 0 ) fo r  the R T -P C R  o f  R V  using prim ers designed to  am plify  a highly conserved  
reg ion  w ith in  the E l  (F ig u re  1 .3 .) structural protein. H o w e v e r, m any variables are  
invo lved  in  R T -P C R  and it  is n o t always easy to  successfully transfer such 
m ethodologies fro m  laboratory  to  laboratory. A  cheaper alternative to  the P erk in -E lm er  
Cetus T aq  polym erase used by H o -T e r ry , w o u ld  have to  be used in  this study because o f  
the num ber o f  R T -P C R s  envisaged. T h e  system w o u ld  have to  be optim ised using  
only 3 0  cycles o f  am plification  (H o -T e rry  used 40  cycles) to  reduce the chance o f  base
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m isincorporation  in  the resultant c D N A  sequence by T aq  polym erase.
T h e  a im  o f  the studies in  this C hapter, w as to  develop a reliable m ethodology fo r  the  
R T -P C R  am plification  o f  R V  genom ic R N A  encoding the N S  proteins. These studies 
included the optim isation o f  param eters such as R N A  and m agnesium  concentrations.
3 .1 .2 . 'R e c o m m e n d e d ’ R T  co n d itio n s .
T h e  R T  reaction  w hen  perform ed as recom m ended by the enzym e m anufacturer 
(A m ersham , personal com m unication) contains: 5 0 m M  T r is -H C l p H  8 .3 , 5 0 m M  
potassium  chloride, lO m M  m agnesium  chloride, 3 m M  D T T ,  0 .1 %  N o n id e t P -4 0 , 10 
units o f  R N A g u a rd  (R N A a s e  inh ib ito r), Im M  each d N T P  and 9  units o f  R ous- 
associated virus 2  reverse transcriptase (R A V -2  R T )  in a final vo lu m e o f  1 0 p l In  
addition , variable quantities o f  tem plate  v ira l R N A  (v R N A ) and prim ers are added. 
Incubation  at 4 2 ° C  fo r  30  - 60  mins is recom m ended, although tem peratures up to  5 6 ° C  
can be used.
3 .1 .3 . 'R e c o m m e n d e d ' P C R  co n d itio n s .
T h e  P C R  am plification  reaction w hen  perform ed as recom m ended by the  
m anufacturer (P ro m eg a) (using the b uffe r supplied), contains: lO m M  T r is -H C l p H 8 .8 , 
5 0 m M  potassium  chloride, 1 .5 m M  m agnesium  chloride, 0 .1 %  T rito n  X -1 0 0 , 0 .2 m M  
each d N T P , 0 .5 p ,M  prim ers, a variable am ount o f  tem plate and 2 .5  units T aq  polym erase  
in  a final vo lum e o f  50 -1  OOptl. P rom ega T a q  D N A  polym erase w as used th roughout this 
study. F o r  o ther m anufacturers these conditions vary  only in that the non-ionic  
detergent m ay be nonidet P -4 0  o r T w e e n -2 0  o r m ay not even be present at all, 0 .0 1 %  
gelatin  m ay be present and the p H  o f  T r is -H C l m ay be ~  8.3 at 2 5 ° C .
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3 .1 .4 . M o d if ic a t io n s  to  re c o m m en d e d  R T  co nd itio n s .
A lterations w ere  m ade to  the conditions recom m ended fo r  the R T  reaction so that 
the procedure could be sim plified by using P C R  buffer ( lO m M  T r is -H C I p H 8 .8 , 5 0 m M  
potassium  chloride and 0 .1 %  T rito n  X -1 0 0 )  throughout. W ith  o ther reverse  
transcriptases this has been reported  to  w o rk  as w e ll as w hen  using reverse transcriptase  
b uffe r fo r  the R T , fo llo w ed  by P C R  buffer in  the am plification reaction  (K aw asak i and 
W an g , 1989 ). T he  reaction buffer w as supplemented, how ever, so that the final 10p l 
'standard' reaction contained: lO m M  T r is -H C I p H 8 .8 , 5 0 m M  potassium  chloride, 5 m M  
m agnesium  chloride, 3 m M  D T T ,  0 .1 %  T rito n  X -1 0 0 , 20  units R N A g u a rd , Im M  each 
d N T P , 9 units R A V -2  R T , 2 p M  R V  specific R T  prim ers (PJ prim ers, Tab le  and F igure
3 .1 .)  o r l .O p M  antisense prim er o r 2 p M  random  hexamers, and a variable am ount o f  
v R N A  tem plate. T h e  m agnesium  chloride was added to  a concentration o f  5 m M  so that 
it w as still high enough to  m aintain R A V -2  R T  activity, and yet lo w  enough to  perm it 
standard P C R  conditions w hen  expanded to  5 0 p i  Potassium  chloride at 5 0 m M  was  
conveniently optim al, w ith o u t adjustm ent, fo r both R T  and am plification  reactions. This  
level o f  potassium  chloride also kep t the overall salt concentration optim al (5 0 -1 0 0 m M )  
fo r  the R N A -d e p e n d e n t D N A  polym erase activ ity  o f  R A V -2  R T .
A lth o ug h  4 2 ° C  is the tem perature recom m ended fo r R A V -2  R T  activ ity , this enzym e  
w as used th roughout the study because it can reverse transcribe R N A  at the higher 
tem perature  o f  5 5 ° C  i f  required. R V  has a high G C  content and certain regions o f  the  
R V  genom e m ay contain extensive secondary structure. This increase in tem perature  
m ay prevent the reform ation  o f  secondary structures at target sites during R T  
(R appolee, 1990).
3 .1 .5 . M o d if ic a tio n s  to  re c o m m en d e d  P C R  co nd itio n s .
Standard concentrations w ere  m aintained in the P C R  fo r the im portant com ponents
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M
of the amplification reaction.
T r is
T ris  is a d ipo lar ionic b uffe r that controls the p H  to  betw een 6 .8  -  8 .0  during P C R  
am plification. I t  w as used in  the P C R  at lO m M  as suggested b y  the m anufacturer.
P o tass iu m
Potassium  ions are thought to  be invo lved  in fac ilita ting  p rim er annealing and w e re  
added as potassium  chloride. A t  an optim al concentration o f  5 0 m M , potassium  chloride  
has been reported  to  stim ulate the synthesis rate o f  Taq  polym erase b y  5 0 -6 0  per cent 
(G e lfan d , 1989 ). H o w e v e r, levels above 5 0 m M  are inh ib itory to  T a q  activ ity  (Inn is  e t  
a l ,  1988 ).
T r i t o n  X -1 0 0
T h e  recom m ended 0 .1 %  final concentration o f  the non-ionic detergent T rito n  X -1 0 0  
w as adopted fo r  the P C R . T h e  presence o f  non-ionic detergents increases the efficiency  
o f  T a q  polym erase (C le w le y , 1989 ).
D T T
A lth o ug h  not a recom m ended com ponent, D T T  w as present in the P C R  as a carry­
o ver fro m  the R T  reaction. T h e  ro le  o f  D T T  in the R T  reaction is to  stabilise disrupted  
disulphide bonds w ith in  the reverse transcriptase and hum an placental R N A a s e  inh ib ito r 
(R N A g u a rd ). A fte r  a five fo ld  d ilution , it is present at 0 .6 m M  in  the am plification  m ix  
and thus it  was assumed, at this level, it  w o u ld  not m ateria lly  affect the P C R .
M a g n e s iu m
M agn es iu m  chloride was generally present at the recom m ended concentration o f  
1 .5 m M  tak ing  in to  account the Im M  that is carried over fro m  the R T . M ag n es iu m  ion  
concentration m ay affect all o f  the fo llo w in g  (Inn is  and G elfand, 1990):
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-  P rim er annealing.
-  Strand dissociation tem peratures o f  both  tem plate  and P C R  product.
-  P roduct specificity.
- F o rm ation  o f  p rim er-d im er artefacts.
- E nzym e activ ity  and fidelity.
M agnesium  is bound by tem plate  D N A , prim ers and d N TP s. F ree m agnesium  ions are  
also required by T aq  polymerase. E v iden tly , magnesium plays a num ber o f  very  
im portant roles w ith in  the P C R  and since so many other com ponents affect the  
concentration o f  free  m agnesium  ions w ith in  the reaction m ix  it is not surprising that this 
constituent is the one w hich  is o ften  used at a range o f  concentrations. In  particular 
some p rim er pairs require m inor adjustments to  the level o f  m agnesium  used.
d N T P s
In  a typical P C R  reaction, each o f  the fo u r d N T P s  are usually present at a final 
concentration o f  betw een 0 .0 4 m M  -  0 .2 m M . I t  is im portant to  ensure that the d N T P s  
are n o t present in unequal concentrations and that the concentrations are not too  high. 
B o th  o f  these factors tend to  p rom ote m isincorporations by T aq  during P C R  (Petruska  
e t  a l ,  1988 ). A lthough  Im M  o f  each d N T P  was present in  the R T  reaction, this 
becom es less than 0 .2 m M  once some has been incorporated into  the first strand c D N A  
and the rem ainder d iluted fivefo ld  p rio r to  P C R . I t  is assumed then, that the level o f  
d N T P s  present in  the am plification  m ix  w ill fa ll w ith in  the recom m ended range, w ith o u t  
supplem entation at the P C R  stage.
P rim e rs
25 pm oles o f  sense and anti-sense prim ers w ere  added to  the P C R  reaction so that 
the fo rm er w as present at 0 .5 j iM  as recom m ended and the anti-sense at a level possibly 
greater than 0 .5 p M  but less than 0 .7 | iM  due to  carry-over o f  unincorporated  anti-sense 
prim er w hen  this was used in prim ing the R T  reaction.
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H a v in g  studied and assessed the constituents involved, it w as decided that the  
'standard' P C R  m ix  fo r  general use should contain: lO m M  T r is -H C l p H  8 .8 , 50m M . 
potassium  chloride, 1 .5 m M  m agnesium  chloride, 0 .1 %  T rito n  X -1 0 0 , 0 .6 m M  D T T  and
0 .5 p M  sense and anti-sense prim ers.
3 .1 .6 . P r im e r  design
Essential to  the success o f  these studies w as clearly a need fo r  e ffective  prim ers. T he  
availab ility  o f  sequence data fro m  the com plete genom e o f  the T herien  R V  strain 
provided a good foundation  fro m  w h ich  to  start designing such prim ers.
P r im e rs  fo r  R T
E ffic ie n t prim ing in the R T  stage o f  the procedure is crucial, i f  sufficient tem plate  
(firs t strand c D N A )  is to  be produced fo r  the am plification reaction. I t  w as w ith  regard  
to  this, that a set o f  short prim ers (PJ P R IM E R S  1 -5 ) w e re  designed to  anneal 
specifically to  R V  R N A  (T a b le  and F ig u re  3 .1 .)  at the start o f  the R T  reaction.
P r im e rs  fo r  P C R
A ll but tw o  P C R  prim ers (G E S 1  and G E S 2 , designed by D r . G e o ff  Scopes to  am plify  
'J' (T h o m )) w ere  designed according to  a num ber o f  factors. T h e  first o f  these placed  
constraints on the choice o f  sequence, by restricting the p rim er location  w ith in  the  
T herien  R V  genom e. Since a fu tu re  goal o f  these studies w as to  express the N S  R V  
proteins fro m  a recom binant N S  prote in  O R F , the P C R  prim er pairs w ere  designed fo r  
locations w here  they w o u ld  am plify  overlapping fragm ents w h ich  contain  unique or rare  
genom ic restriction  sites in  the ir term in i to  fac ilita te  in -fram e ligation  o f  the fragm ents  
(F ig u re  and T ab le  3 .2 .). O f  the restriction  sites chosen, only B g l I I  and K p n  I  sites 
occur in  the  vectors used (T a b le  3 .2 .) . E ach  o f  these is present at one vec to r site in the  
clones containing 'H ' (C ende), 11 ' and ' J fragm ents, and thus, w ere  considered suitable  
fo r use in  this strategy, w h ich  i f  successful, w o u ld  fac ilita te  ligation  o f  clones to  recreate
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the  R V  N S  prote in  O R F  w ith  m inim al m anipulation. I t  should be stated at this point, 
how ever, that no such restriction sites w ere  found around w h ich  to  design prim ers fo r  
the  'e(3' fragm ent and 3' end o f  'ea ' (F ig u re  3 .2 .).
F a c to rs  a ffe c tin g  p r im e r  design
There  are a num ber o f  o ther factors w h ich  should be considered in the designing o f  
P C R  prim ers. A lth o ug h  no one set o f  rules exist, w h ich  ensure the synthesis o f  
successful P C R  prim ers, there are general guidelines w h ich  should be fo llo w ed  w here  
possible. T h e  p rim er should be designed to  contain:
-  A pp ro x im ate ly  18 to  30  bases;
-  A  random  base distribution;
-  A  G C  content o f  betw een  50 and 6 0  per cent;
-  Three  nucleotides at the 3' end hom ologous to  the tem plate nucleic acid S om m er and 
T a u tz , 1989);
-  M in im a l self-com plem entarity  (in ternal secondary structure and potential d im er 
fo rm atio n  betw een m olecules o f  same prim er);
-  M in im a l com plem entarity  w ith  o ther prim ers particularly  in the 3' region;
-  M in im a l hom ology w ith  any other reg ion  o f  the nucleic acid tem plate.
G enerally  prim ers at the shorter end o f  the range quoted, are effective, but longer 
prim ers o f  24  to  30  nucleotides have been reported to  w o rk  w e ll at annealing  
tem peratures o f  6 0 ° C  and higher (T a y lo r, 1991).
A  random  distribution o f  nucleotides w ith in  the prim er, so that runs o f  C's and G's 
are avoided, particu larly  at the 3' ends, helps to  prevent m isprim ing at G C  rich  
sequences o f  the tem plate.
Sequences not com plem entary to  the tem plate m ay be added to  the 5' end o f  the  
prim er, fo r exam ple restriction sites o r regu latory  elements. H o w e v e r, it has been
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reported  that the 3' end o f  prim ers, particularly  in 17 to  20m ers, requires at least three  
nucleotides w h ich  are hom ologous to  the tem plate  (S om m er and T a u tz , 19 8 9 ). A n y  less 
than this, m ay lead to  very  w e a k  prim ing o r to  no prim ing at all. T h e  rem ainder o f  the  
p rim er requires very  little  hom ology w ith  the tem plate.
T h ere  should be m inim al internal secondary structure w ith in  the prim er, as such 
structures hinder the annealing o f  the p rim er to  the tem plate  nucleic acid. 
C om plem entarity  betw een  m olecules o f  the same p rim er and the o ther p rim er involved, 
should be lo w , to  avoid d im er fo rm ation . P rim er-d im er am plification  artefacts are found  
as double stranded fragm ents w hose lengths are very close to  the sum o f  the tw o  
prim ers. I t  is thought that they are form ed by one prim er being extended by T a q  over 
the o ther prim er. T h e  resultant concatenation is an extrem ely effic ient tem plate w hich  
m ay easily becom e the predom inant product in a P C R .
H o m o lo g y  w ith  any other area o f  the nucleic acid tem plate  should be lo w , 
particu larly  at the 3' end o f  the prim er, to  prevent non-specific b inding and reduction  o r . 
loss o f  target p roduct am plification.
P otentia l p rim er sequence fo r  this study w as derived from  the T herien  R V  sequence, 
using the M ic ro g e n ie  sequence analysis program  (B eckm an  Instrum ents In co rp o rated ) 
to  run hom ology checks and thus ensure m inim al hom ology betw een  p rim er and 
tem plate  outside the target area o f  the genom e. Prim ers w e re  then designed and 
assessed using the guidelines described above, before being synthesised. H o w e v e r, in  
o rder to  w o rk  w ith in  the constraints conferred by the strategy used fo r prim er location  
(F ig u re  3 .2 ) , it w as not possible to  strictly adhere to  these in the designing o f  each 
prim er. P rim ers containing 2 4  o r less R V  specific nucleotides w ere  synthesised (T ab le
3 .3 .) . H ig h  annealing tem peratures w ere  desired fo r  am plification  o f  regions o f  high  
G C  content, but the need fo r  longer prim ers was circum vented by a high G C  content in  
m any o f  the prim ers. This bias in base com position, created prim ers w ith  higher m elting
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tem peratures w h ich  in tu rn  enabled higher annealing tem peratures to  be used. Such a 
bias in  base com position, a lthough contrary to  the guidelines, w as kep t to  a m inim um  
w h ere  possible, but did generally reflect the com position o f  the tem plate  sequence. 
Seven o f  the 23 prim ers (P C R B , R T 1 , P C R 4 , R T 3 , R T 5 , R T 9 b  and P C R lO c )  
synthesised contained m ore than 2 4  nucleotides due to  the addition  o f  an E co  R I  
restriction  site (T a b le  3 .3 .)  and a fe w  bases o f  non-specific sequence (necessary fo r  
effective  restriction  by E co  R I )  at the 5' end. This addition w as m ade to  prim ers  
designed before  the acquisition o f  the p C R II  vec to r (this contains E co  R I  sites at either 
side o f  the c D N A  insertion site, F igure  2 .3 .)  in order to  fac ilita te  easier m anipulation o f  
the fragm ent w hen  cloning. A ll prim ers w ere  checked fo r  self-com plem entarity  and fo r  
com plem entarity  betw een  pairs invo lved in  the P C R  (Tables 3 .4 ., 3 .5 . and 3 .6 .)  using 
the O lig o  P rim er Analysis com puter p rogram  (M e d P ro b e  A .S ., O slo, N o rw a y ). W h ere  
the  palindrom ic sequence o f  the E co  R I  sites is present in prim ers, there is a degree o f  
com plem entarity. A t  the 5' end, how ever, it is not so im portant. In  some o f  these 
prim ers, fo r  exam ple P C R 4 , R T 5  and P C R lO b , this com plem entarity  w as superseded by  
greater com plem entarity  elsewhere. I t  can be seen from  Tables 3 .3 ., 3 .5 . and 3 .6 . that 
only 7 o f  the prim ers synthesised, contained no secondary structure, but all (w ith  the  
exception  o f  G E S 2 ) show ed potentia l fo r  d im er form ation . O n  assessing potential 
prim ers it  soon becam e clear that although fu lfilling  location requirem ents, m any showed  
high levels o f  com plem entarity  betw een  them. F o r  this reason and the fact that high  
annealing tem peratures w e re  like ly  to  be used fo r m uch o f  the am plification , only  
potentia l prim ers show ing a h igh degree o f  secondary structure and a  com plem entarity  
invo lv ing  m ore  than h a lf o f  its bases, w ere  redesigned. A  fe w  o f  the prim ers synthesised 
w e re  extrem ely  close to  this c u t-o ff  point. R T 5 c  and P C R 6 c  as a p rim er pair, showed  
approxim ate ly  50  per cent com plem entarity. P C R lO c  showed self-com plem entarity  to  
the  same degree and indeed 5 (h a lf) o f  those bases involved w ere  at the very  3' end. I t  
was not feasible to  include all sets o f  p rim er pairs in the developm ental experim ents in  
this C hapter and thus three sets o f  prim ers w e re  chosen to  assess th e ir suitability. O ne  
pair (P C R B  and R T 1 , T ab le  3 .3 .)  w as designed to  am plify a 0 .5 8  K b  fragm ent ( 'A /B ',
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TABLE 3.4.
COMPLEMENTARITY BETWEEN PCR PRIMER PAIRS
PR IM E R  PAIR P O T E N T IA L  D IM E R  FO R M A TIO N
5 1 A G T C A C G A A T T C G T G T A G T A G A G C A A G C A T  3 '  
RTI/pcrbCA/B') | | | | ( |
3 '  A G G C T A T C G A A G G T A A C C T T A A G A C T  5 '
5 '  G T A A G A A T T C T A C G T A T G C G C A C A G C G C G T  3 '
R T3/PCR4 ( 'c ) | I | | | | I
3 ' A C G C C C T G C A G G A G T C C C A C T T A A G C A T A  5 '
RT5c/pC R 6c('D 'T h o m ) 5 ' G T G G C A C G T C G C C A T C G G T G T A  3 '
lie3 '  A C G A C A C C G A G T C C C G C A A G  5
5 '  G T T A G A A T T C A T A T G C G C G C C G G C G G C G A A  3 ’ 
R T5/P C R 6 c ('D ' Cende) | | | I I I I |
A C C G A G T C C C G C l3 '  A C G A C A A G  5 '
5 '  G C C G C G A G C G T C C G A G T G C C G T T  3 '
RT7x/pCR8f ( V  ) I I I I I
3 ' C T C G T G C C A C C C C A T G G C G C  5 '
RTe2/e2bPCR ( V  )
5 '  A C C G A C G C G C G G C G G C T A G C G C G A  3 '
icccii3 *  C A A C T G C A C C C C C C C G G C G A G C C  5 '
5 '  A C C C G G C A C T C G T G T A G G C  3 ’ 
R T 7d / P C R 8e ( , R , T h o m )  | | | |
3 '  C A G C G G T G A C G G A G C G G C C A  5 '
RT7q/FpCR ( *F' Cende ) 5> G A T C T C C G G T G C C G T C A G G G  3
3 '  G T C A A A C G T C G C T C C C G G C G  5 '
5 '  G A T G A A T T C T G G T T T G G C T G G C A A C G  3 ’ 
RT9b/pC R 10c( 'G ' ) | | |
__________________ 3 ' G T A C A G T G A G G G C G T G T A C G  5 1
5 '  G A A G A T C T C A G G A T A G C G G  3 '
RT92/PCR10bCH') | | | ||
3 ' T G C G G A G T A G C T A C A T C T A C T T A A G A C G  5 ’
5 '  G T G C C T C G A G G G C C T T C T G G  3 '
RTi2c/pcRi2c (1 1 | | | |
 3 ' G T A G T C A C T C C A G C T A G G C  5 '
5 '  A G T C C C T G C G C T G G C C A C G G  3 ’
G E S ,/G E S 2 ( 'J' ) I I I  I
3 '  C G C T T T G T T G C C A C C C A C T A C T G  5 '
( )  -  f ra g m e n t  a m p l if ie d
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TABLE 3.5,
SELF-COMPLEMENTARITY OF PCR SENSE PRIMERS
PRIMER
SECONDARY
STRUCTURE POTENTIAL DIMER FORMATION
PCRB
^GCTATCGGA 3' 
LAGGTAaAM'TAAGACT 5'
5' TCAGAATTCCAATGGAAGCTATCGGA 3'
3 ' AGGCTATCGAAGGTAAciTTliiACT 5*
PCR4
5' ATACGAATTCACj
3* ACGCCcAAAa GGAGTCJ
S' ATACGAATTCACCCTGAGGACGTCCCGCA 3'
3 1 ACGcAAtAAIAAaGTCCCACTTAAGCATA 5'
PCR6c
^CACAGCA 3 1
LGaAAAcCGCAAG 5 ’
5' GAACGCCCTGAGCCACAGCA 3'
3 ‘ AcAIAaAcAaAAAcCGCAAG 5'
PCR8f
5* CGCGGTAC^
3’ ctcgtAAAIccj
5' CGCGGTACCCCACCGTGCTC 3'
3' ctcgtgccaAcAAatAAcAc 5'
c2bPCR NONE
5* CCGAGCGGCCCCCCCACGTCAAC 3'
3' CAACtAAaCCCCCCCGGCGAGCC 5*
PCR8e NONE
5 ’ ACCGGCGAGGCAGTGGCGAC 3 ’
3' CAGCGGTGACGGAGcAAAAa 5'
FPCR
5' GCGGCj
3* GTCAAACGtAA^TC-I
5 ’ GCGGCCCTCGCTGCAAACTG 3'
3 1 AtCAa IAAAcGCtAcCGGCG 5 ’
PCRlOc
^AGTGACATG 3 ’
LGGCgAAAIAg 5'
5* GCATGTGCGGGAGTGACATG 3 1
3 ’ AtaAaGTGAGGGCGTGTaAg 5 ’
PCRlOb
j-ATCGATGAGGCGT 3'
LcatAtaAAtaagacg  5*
5' G CAGAAT T CAT CTACATCGATGAGGCGT 3'
3' T GCAgAAt A A AA AAATAt ACTT AAGAC G 5 ‘
PCRl2c
p-CACTGATG 3 ’
LCCAgAAIg GC 5*
5* CGGATCGACCTCACTGATG 3'
3 ' GTAGTCACtAcIAAtAGGC 51
GES2 NONE Dimer formation n eg lig ib le
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TABLE 3.6.
SELF-COMPLEMENTARITY OF PCR ANTISENSE PRIMERS
PRIMER
SECONDARY
STRUCTURE
POTENTIAL DIMER FORMATION
RTl
:
5' AGTCACGAA-,
• tacgaacgagatgat<jT(j([:ttJ
5 1 AGTCACGAATTCGTGTAGTAGAGCAAGCAT 3 1
31 TACGAACGAGATGAtAtgAtTAaAAAAtGA 5'
RT3
^AGCGCGT 3'
LAciiiTATGCATCTTAAGAATG 5
5' GTAAGAATTCTACGTATGCGCACAGCGCG
< 3'TGCGCGACACGCGTATGCAtAtTAaAaATG 5'
RT5
j-GCGGCGAA 3'
LCCG(!:AAgTATACTTAAGATTG 5
5' GTTAGAATTCATATGCGCGCCGGCGGCGAA 3'
3' AAGCgAAAAAAAAgCGTATACTTAAGATTG 5'
RT5c
5 ’ GTGGCACj 
3' ATGTGGCTAiiicTJ
5' GTGGCACGTCGCCATCGGTGTA 3'
3' ATGTGGCTaAAAcTGCaAAAtG 5'
RT7x NONE
5' GCCGCGAGCGTCCGAGTGCCGTT 3'
3' TTGCCGTGAGCCTGCGaAAAAcG 5'
RTe2
pGCTAGCGCGA 3'
-GCGgAA(!;Ac!:AGCCA 5'
5' ACCGACGCGCGGCGGCTAGCGCGA 3'
3' AGCgAAItAAgCGGCGCGCAGCCA 5'
RT7d NONE
5' ACCCGGCACTCGTGTAGGC 3'
Nil ct
3' CGGATGTGCTCACGGCCCA 5'
RT7q NONE
5' GATCTCCGGTGCCGTCAGGG 3 ’
3' GGGACTGCcAtAAAAtAtAG 5'
RT9b
rGGCAACG 3'
T III •
LCGGTTTGGTCTTAAGTAG 5 ’
5' GATGAATTCTGGTTTGGCTGGCAACG 3' 
3' GCAACGGTCGGTTTGGTCTTAAGTAG 5'
RT92
5' GAAGATCTC-,
3' ggcgataAgaJ
5' GAAGATCTCAGGATAGCGG 31 
3 ' GGCGATAGGACtAtaAaAG 5 '
RTl 2c
5 ’ GTGCCTC^
31 GGTCTTcAAAgAJ
5' GTGCCTCGAGGGCCTTCTGG 3 '
3 ' GGTCTtAcgAAIAAAAAgtA 5 '
GES! NONE
5 1 AGTCCCTGCGCTGGCCACGG 3'
3 1 GGCACCGGTCGCGTCCCTGA 5'
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F ig u re  3 .2 .)  at the 5' end o f  the genom e and a second pair (F P C R  and R T 7 q )  designed 
to  am plify  a 1.1 K b  fragm ent ( 'F ,  F igure  3 .2 .)  approxim ately 2  K b  dow nstream  fro m  the  
firs t fragm ent. These tw o  regions w ere  chosen because o f  the ir difference in size, 
location  and expected percentage G C  content (in  Therien, the 'F' reg ion  has a higher 
percentage G C  content th a n ’A /B ’) .  These tw o  prim er pairs w ere  also chosen because 
R T 1  and P C R B  represented prim ers w hose rubella specific T m s and percentage G C  
content w ere  at the lo w e r end o f  the spectrum  o f  the prim ers synthesised (T a b le  3 .3 .)  
w h ile  F P C R  and R T 7 q  represented those at the higher end. T h e  th ird  prim er pair 
(R T 1 2 c  and P C R 1 2 c , Tab le  3 .3 .)  w ere  designed to  am plify a 1 .3K b  fragm ent (T ,  F igure
3 .2 .) . In  contrast to  the previous p rim er pairs, this pair show a 12 per cent difference in 
G C  content (T a b le  3 .3 .).
T h e  developm ent o f  the R V  R T -P C R  procedure is described in this C hapter. R V  P C R  
prim ers R T 1  and P C R B  (T ab le  3 .3 .)  w ere  used in reactions to  assess not only the ir ow n  
suitability bu t also the effect o f  the fo llo w in g  factors on the yie ld  and specificity o f  R V  
R T -P C R :
-  PJ Prim ers (T ab le  and F ig u re  3 .1 .).
-  M agnesium  concentration.
- R N A  concentration.
F irs t strand c D N A  synthesis by reverse transcription has been reported  as a technique  
o f  variable efficiency betw een  preparations (R appolee, 1990). Since some o f  the in itial 
R T -P C R  reactions w ere  d ifficu lt to  repeat w hen  either new  o r orig inal tem plate  was  
used, it  was thought that tem plate variability , and in particular, R N A  concentration, 
should be looked  at m ore closely.
T h e  effect o f  increasing the annealing tem perature was also noted using P C R  prim ers  
R T 7 q  and F P C R  (T ab le  3 .3 .)  to  am plify  the 'F' fragm ent (F ig u re  and T ab le  3 .2 .)  o f
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Cendehill (C ende).
3 .2 . E x p e r im e n ta l W o r k .
A ll the basic m ethods used in  this C hapter are described in  C hapter 2. A n y  
variations to  the basic m ethodologies are described w here  appropriate.
3 .3 . R T - P C R  o f  R V  R N A ;  C o m p a r is o n  o f  P J  p r im e rs  a n d  ra n d o m  h exam ers  fo r  
p r im in g  th e  R T  re a c tio n .
A  com parison w as m ade using R H  and PJ Prim ers to  prim e the R T  reaction. R T  
reactions (S e c tio n 2 .2 .10.3.) w ere  perform ed on 2p,l o f  R V  (T h o m ) infected V e ro  cell 
poly  (A )+  R N A  (S ection  2 .2 .6 .1 .) using one o f  three prim er com binations in each 
reaction: 5p ,M  random  hexam ers (R H )  in  reaction 1; 2 f iM  PJ prim ers in reaction 2; 2 .5  
fx M  random  hexam ers and 1(llM  PJ prim ers (a  50 :50  m ixtu re  o f  those prim ers used in 
reactions 1 and 2 )  in reaction 3. These reactions w ere  le ft at ro o m  tem perature fo r 10 
mins to  a llo w  the annealing o f  prim ers p rio r to  incubating at 4 2 ° C  fo r  45  mins. U sing  
prim ers R T 1  and P C R B , am plification  reactions as described in  Section 2.2.10.4. w ere  
then perform ed in  a program m able therm al cycler thus:
1. D enaturation : 9 5 ° C  fo r  2  mins
2. i. D enaturation : 9 5 ° C  fo r 1 m in ]
ii. Annealing: 4 6 ° C  fo r 1 m in ] Step 2. repeated 30  tim es
iii. Extension: 7 2 ° C  fo r  1 m in ]
3. Extension: 7 2 ° C  fo r  10 mins
A m p lifica tio n  products w ere  electrophoresed, stained w ith  eth id ium  brom ide and 
photographed as described in Section 2.2.11.
T h e  results in  F igure  3 .3 ., show the presence o f  am plified products o f  the desired 
size (5 7 9  b p ) in  lanes 2, 3 and 4 , but at varying  levels. T he  highest y ie ld  occurred in the
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C O M P A R IS O N  O F  R A N D O M  H E X A M E R S  A N D  P J P R IM E R S  
( R V - S P E C IF IC  H E X A M E R  A N D  H E P T A M E R S )  F O R  P R I M I N G  R E V E R S E
T R A N S C R IP T IO N  
(2 %  A g a ro s e  G e l)
FIGURE 3.3.
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reaction  containing PJ Prim ers alone, w hereas the low est occurred in the reaction  
containing only random  hexam ers (R H ) . A n  in term ediate level o f  p roduct w as seen in  
the  reaction  w h ich  incorporated  a 5 0 :5 0  m ixtu re  o f  both PJ Prim ers and R H .
3 .4 . E ffe c t o f  m a g n e s iu m  a n d  R N A  c o n c e n tra tio n  on th e  a m p lif ic a t io n  o f  ru b e lla  
c D N A .
A  titra tio n  o f  magnesium  ions w as perform ed to  establish that the m agnesium  levels 
being used w ere  optim al fo r this particu lar system. I t  is im portant to  note that d ifferent 
prim ers bind d ifferen t quantities o f  m agnesium  ions, thus altering the am ount o f  free  
m agnesium  available and therefore  each system m ay require d ifferen t levels.
R N A  tem plate concentration also plays a key ro le  in the variab ility  o f  R T -P C R . T h e  
R V  R N A  tem plate (M ach ad o  strain, see Tab le  2 .1 .)  used w as purified  fro m  crude virus  
pellet as described in  Section2.2 .5 .2 . Th is  tem plate  was shown to  be positive fo r R V  v ia  
R T -P C R  o f  a 143 bp genom ic reg ion  encoding part o f  the E l  structural protein  (F igure
1 .3 .) and by subsequent Southern b lo t hybridisation using an R V  probe internal to  this 
reg ion  (T . B osm a, S t.Thom as H osp ita l, personal com m unication).
U s ing  three concentrations o f  R N A  tem plate each being am plified at seven d ifferent 
m agnesium  concentrations the titra tio n  was set up:
M agnesium  concentrations: Im M 1 .5 m M 2 m M 4 m M 6 m M 00 3 S lO m M
R N A  12ng A l A 2 A 3 A 4 A 5 A 6 A 7
C oncentration  24ng B 1 B 2 B 3 B 4 B 5 B 6 B 7
48ng C l C 2 C3 C 4 C 5 C 6 C 7
T w e n ty -o n e  R T  reaction m ixes (S e c tio n 2 .2 .10.3.) incorporating 2 p M  PJ Prim ers w ere  
prepared so that tubes labelled A l  -  A 7  received 12ng R N A , tubes B 1 - B 7  received  
24n g  R N A  and tubes C l  -  C 7  received 48ng  R N A . T he  reactions w e re  incubated at 
ro o m  tem perature  fo r  10 mins and then 4 2 ° C  fo r  45  mins. A m p lifica tio n  reactions,
132
using prim ers R T l  and P C R B , w e re  then set up as described in S ectio n 2 .2 .10.4. except 
that fo r each R N A  concentration, m agnesium  levels w ere  present at: Im M , 1 .5 m M , 
2 m M , 4 m M , 6 m M , 8 m M  and lO m M . T h e  am plifications w ere  then perform ed in  the  
therm al cycler using the same therm al p ro file  as in Section 3 .3 .
T h e  results are shown in  Figures 3 .4 . ( A  reactions), 3 .5 . (B  reactions) and 3 .6 . (C  
reactions). I t  is clear that w here 12ng R N A  w as used ( A  reactions), the  optim al level o f  
m agnesium  was 6 m M . A lth o ug h  bands appear at 1.5, 2, 4  and 8 m M , product yield  
appears to  be m uch less at these concentrations. A t  the low est and highest magnesium  
concentrations o f  Im M  and lO m M , no bands are visible. W ith  24ng  R N A  tem plate (B  
reactions), the optim al level o f  m agnesium  appears to  be lO m M , although strong bands 
can be seen in  the reactions w h ich  contained 6 and 8 m M , and to  a lesser extent 4 m M .  
A t the lo w e r levels o f  1, 1.5 and 2 m M  m agnesium  there is no visible product. In  A , B  
and C  reactions the level o f  m agnesium  did not seem to  have an effect on the specificity  
o f  the P C R . T h e  results also showed that w here  the highest concentration o f  R N A  
tem plate  was used (C  reactions), no visible product was present at any m agnesium  
concentration. O p tim al yield  appeared at an R N A  concentration o f  24n g  but n o t at the  
lo w er, m agnesium  levels o f  1, 1.5 and 2 m M . U sing  the same prim ers ( R T l  and P C R B ), 
a concentration o f  1 .5 m M  m agnesium , w as successfully em ployed in  the reactions in  
Section 3 .3 . to  am plify  the same reg ion  from  another R V  R N A  tem plate. F urther  
reactions w ere  set up using R V  R N A  tem plate (C endehill, Tab le  2 .1 .) , purified in the  
same m anner as that o f  M ach ad o  (S ection  2 .2 .5 .2 .) to  see i f  am plification  could be 
achieved at 1 .5 m M  m agnesium  w hils t adding variable am ounts o f  R N A . R T  reactions  
(described in Section 2 .2 .10 .3 .) w ere  prepared using 2 | iM  PJ Prim ers to  prim e the  
reaction. 6ng, 12ng, 24ng, 36ng  and 48n g  R N A  tem plate was added to  reactions D l ,  
D 2 , D 3 , D 4  and D 5  respectively. A  negative contro l (a  standard R T -P C R  lacking only  
R N A  tem plate ) w as also incorporated  into  the study so that d istortion  o f  results by  
cross-contam ination could be ruled out i f  no visible bands w ere  produced in the control. 
T h e  R T  reactions w ere  incubated as in the previous titra tion  and am plified according to
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FIGURE 3.4.
EFFECT OF MAGNESIUM CONCENTRATION ON YIELD AND
S P E C IF IC IT Y  O F  A M P L I F I E D  P R O D U C T  U S IN G  12ng R N A  
T E M P L A T E  ( A  reac tio ns  )
( 2 %  A g a ro s e  G e l )
* 1 ,3 5 3 b p  
T .O T B b p  
B *7 2 b p  
6 0 3 b p
3 1 Q b p
5 7 3  b p
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FIGURE 3.5.
EFFECT OF MAGNESIUM CONCENTRATION ON YIELD AND
S P E C IF IC IT Y  O F  A M P L I F I E D  P R O D U C T  U S IN G  24n g  R N A  
T E M P L A T E  ( B  reac tio n s  )
( 2 %  A g a ro s e  G e l )
1 , 3 5 3 b pn.OTBbp
S-72bp
6 0 3 b p
3 1 Q b p
S T S b p
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E F F E C T  O F  M A G N E S I U M  C O N C E N T R A T IO N  O N  Y I E L D  A N D  
S P E C I F I C I T Y  O F  A M P L I F I E D  P R O D U C T  U S IN G  48n g  R N A  
T E M P L A T E  (C  reactions)
( 2 %  A garose  G e l)
FIGURE 3.6.
'1 ,3 5 3 b p
1 ,Q 7 S b pB 7 2 b P
6 Q 3 b p
3 1 Q b p
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standard procedure (S e c tio n 2.2 .10 .4 .) using the prim ers R T 1  and P C R B  and the same 
therm al cycling program m e described in Section 3 .3 .
T h e  results fro m  R T -P C R  reactions D 1  - D 5  are shown in  F igure  3 .7 . F ro m  this, it 
can clearly be seen that using the same prim ers as in the previous titra tio n  resulted in 
am plification  o f  the target product at a m agnesium  level o f  1 .5 m M . Indeed, product 
yields w ere  equally high at each R N A  concentration. T h e  negative contro l in lane 1 
showed no bands o f  am plified c D N A  and thus confirm ed that no obvious cross­
contam ination was present. In  this particu lar experim ent, varying  the R N A  
concentration showed little  effect on yield  and specificity o f  P C R  product. U sing  the  
same R N A  tem plate, a fu rther set o f  reactions ( T  reactions) was set up to  assess the  
effect o f  m agnesium  concentration w hen  a d ifferent prim er pair (R T 1 2 c  and P C R 1 2 c ) is 
used. l j i M  o f  antisense prim er (R T 1 2 c )  w as used to  prim e the R T  reactions w h ich  w ere  
incubated at 5 5 ° C  fo r 45  mins. T h e  R T -P C R  reactions w ere  o therw ise perform ed as 
described in  sections 2.2.10.3. and 2.2.10.4. and the therm al p ro file  used can be seen in  
Tab le  4 .1 . F ro m  F igure  3 .8 ., it can be seen that products o f  the desired size ( l ,2 9 0 b p , T  
fragm ent) have been am plified  at m agnesium  levels o f  1, 1.5, 2, 3 and 4 m M  and that the  
m ost specific reaction occurred at 1 .5 m M  magnesium. In  v ie w  o f  the above results, it 
w as decided that fu tu re  R T -P C R  reactions should be perform ed at a m agnesium  level o f  
1 .5 m M  but that the R N A  concentration should be varied, since the optim al 
concentration o f  R N A  tem plate  could not always be predicted.
3 .5 . E ffe c t  o f  a n n e a lin g  te m p e ra tu re  on  y ie ld  a n d  s p e c ific ity  o f  a m p lif ie d  
p ro d u c t.
T h e  annealing tem peratures ( ° C )  used during therm al cycling w e re  calculated as 
described Section2.2.10.4. U sing  l p M  antisense p rim er (R T 7 q )  as the R T  prim er, and 
incubating the R T  reaction fo r  45  mins at 5 5 °C , R T -P C R  am plifications o f  the  
'F' fragm ent (C en de) w ere  perform ed as described in Sections2.2 .10 .3 .and2 .2 .1 0 .4 .)T h e
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FIGURE 3.7.
E F F E C T  O F  R N A  C O N C E N T R A T IO N  O N  Y I E L D  A N D  S P E C IF IC IT Y 7 
O F  A M P L I F I E D  P R O D U C T  ( P  reactions)
( 2 %  A garose  G e l)
T.SSSbp 
T.O-ZBbp 
B 7 2 b p  
B 0 3 b p
3 l O b p
5 7 9 b p
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F I G U R E  3.8.
E F F E C T  O F  M A G N E S I U M  C O N C E N T R A T I O N  O N  YIELD A N D
S P E C I F I C I T Y  O F  A M P L I F I E D  P R O D U C T  ( T  reac tio ns) 
( 2 %  A garose  G e l)
1 ,2 3 1  b p 1 j 3 5 3 b p
1 , 0 7 S b p
S 7 2 b p
B D 3 b p
C endehill R N A  tem plate used in the D  reactions in Section 3 .4 . w as added at the same 
concentrations. T h e  therm al p ro file  used d iffered  from  that in Section 3 .3 . only in  that a 
tem perature  o f  6 1 ° C  w as used fo r annealing (5 ° C  be low  the T m  o f  the prim ers F P C R  
and R T 7 q , see Tab le  3 .3 .)  and Step 2 .iii. (extension) w as set fo r 2  mins per cycle. W hen  
these reactions w ere  electrophoresed in an agarose gel and stained in  eth id ium  brom ide  
as described in S ection2 .2 .n ,no  bands could be seen. T he  reactions w ere , thus, repeated  
at the lo w e r annealing tem peratures o f  5 9 ° C  (E  reactions) and 6 0 ° C  (F  reactions) 
except that only R N A  concentrations o f  12ng, 24ng  and 36ng  w ere  used. T h e  results o f  
this w o rk  can be seen in Figures 3 .9  (E  reactions) and 3 .10 . (F  reactions). F ro m  these, it 
can be seen that am plification  occurred at both annealing tem peratures, but less 
specifically at 5 9 °C . Indeed, the smear seen in  lane 3 indicates the presence o f  m any  
non-specific am plification  products fro m  the reaction containing 12ng R N A  tem plate. 
A t 24n g  R N A , how ever, the strongest band is o f  the desired size. W h ere  a 6 0 ° C  
annealing tem perature was used, a band o f  desired size was produced at 12 and 24ng  o f  
R N A  along w ith  a sm aller band (also seen at 5 9 ° C )  o f  approxim ately 3 0 0  bp. T h e  yield  
o f  the target band was how ever, less than that seen w hen using an annealing tem perature  
o f  5 9 ° C  and 24n g  R N A  tem plate. T h e  negative contro l in each experim ent confirm ed  
that there was no cross-contam ination o f  samples during the experim ent.
3 .6 . D iscussion .
T h e  aim  o f  these studies was to  produce c D N A s  to  defined regions o f  the rubella  
genom e by R T -P C R . T h e  in itia l steps tow ards this aim  w ere  achieved in  the reactions in  
Section 3 .3 . by show ing that the buffer system used th roughout w as suitable fo r R T -  
P C R . O nce the am plified c D N A  w as validated as the target fragm ent (by  subsequent 
cloning and sequencing), it w as possible to  confirm  that the prim ers (P C R B  and R T 1 )  
had successfully prim ed. Furtherm ore, the yield  o f  am plified R V  c D N A  w as greater 
w hen PJ Prim ers w ere  used rather than random  hexamers to  prim e the R T  reaction.
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E F F E C T  O F  A N N E A L IN G  T E M P E R A T U R E  ( 5 9 ° Q  O N  Y I E L D  A N D  
S P E C I F I C I T Y  O F  A M P L I F I E D  P R O D U C T  (E  reac tio n s )
( 2 %  A garose  G e l)
FI G U R E  3.9.
1 ,3 5 3 b p i
1 , 0 7 8 b p
S 7 2 b p
G 0 3 b p
3 1 Q b p
1 , 0 6 5 b p
I4l
F I G U R E  3.10.
E F F E C T  O F  A N N E A L IN G  T E M P E R A T U R E  ( 6 0 ° Q  O N  Y I E L D  A N D  
S P E C IF IC IT Y  O F  A M P L I F I E D  P R O D U C T  ( F  reactions!
( 2 %  A garose  G e l)
1 , 3 5 3 b p
1 , 0 7 S b p
B 7 2 b p
6 Q 3 b p
3 1 0 b p
1 , 0 6 5 b p
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T h e  reactions in  Section 3 .4 . showed that m agnesium concentration is an im portant 
param eter o f  R T -P C R . W h en  all reactions involv ing  prim ers P C R B  and R T l  (Sections
3 .3 . and 3 .4 .)  w e re  assessed, how ever, it w as not possible to  say w h ich  w o u ld  be the  
optim al level o f  m agnesium  fo r  these prim ers using this R T -P C R  system. A m plifica tion  
at 1 .5 m M  m agnesium  could be seen in all reactions in Section 3 .3 . and in reactions D 1  -  
D 5  in  Section 3 .4 ., but not in reactions B 2  and C 2  in  Section 3 .4 . Th is  w o rk  shows that 
optim al m agnesium  level did not only vary  w ith  R N A  concentration but also betw een  
R N A  tem plate  preparations. T here  m ay be a num ber o f  reasons fo r this:
-  presence o f  inh ib ito ry  factors in tem plate preparations.
-  degradation o f  the R N A  target area.
-  fluctuation  in free  m agnesium  levels during P C R  due to  the input 
tem plate  (in  w h ich  both  R N A  and c D N A  m ay be present) 
binding va iy in g  am ounts o f  magnesium.
R N A  itself, is vulnerable to  degradation by the action o f  ubiquitous R N A ases  and 
although precautions such as those discussed in Section 2.2.2. w ere  taken, such 
degradation m ay p lay a ro le  in variability . H o w e v e r, since standard m ethods w ere  used 
to  produce the R T -P C R  am plifications seen in reactions D 1  -  D 5 , it  m ay be that a 
greater ro le  is played by the extensive secondary structure thought to  be present in the  
R V  genom e (C usi e t  a l ., 1992 ).
Since R N A  appeared to  have a greater influence than m agnesium  on  the outcom e o f  
R T -P C R , it w as decided that the concentration o f  the form er, but n o t the latter, should  
be optim ised routinely. E vidence that m agnesium concentration can effect the  
specificity o f  P C R  am plification, how ever, is dem onstrated by F ig u re  3 .8 . ( T  reactions).
T h e  results in Section 3 .5 . dem onstrate the im portant ro le  that the annealing  
tem perature  can p lay in am plification. A lthough , a slight increase in annealing
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tem perature  can im prove specificity, it m ay also decrease yield. R T -P C R  o f  the  
C endehill 'F  reg ion  also show ed that the annealing tem perature calculated as described 
in  S ection 3 .5 . m ay be to o  high fo r some prim ers, since am plified p roduct only appeared  
w hen  the calculated annealing tem perature, 6 1 ° C , w as reduced to  6 0 ° C .
Factors thought to  be im portant in  p rim er design w ere  looked  at in  this Chapter. T h e  
suitability o f  three prim er pairs w as assessed. O f  the prim ers used in these studies, R T 1  
and P C R B  represented prim ers at the lo w e r end o f  the spectrum  w ith  regard to  m elting  
tem peratures and percentage G C  concentration (T ab le  3 .3 .). T h e  use o f  these prim ers  
dem onstrated that R T -P C R  am plification  o f  R V  R N A  could be achieved w ith  prim ers  
w h ich  contained additional non-tem plate-specific  sequence (E c o  R l  sites) at the 5' end 
and did not breach the guidelines fo r  p rim er design referred  to  in this Chapter. In  
contrast to  this, the successful am plification  by F P C R  and R T 7 q  show ed that prim ers  
w h ich  contravened these guidelines could also successfully p rim e but w o u ld  perhaps 
requ ire  lo w e r annealing tem peratures. T h e  success o f  the la tte r p rim er pair was  
probably o f  greater significance because the ir G C  content o f  70  p er cent was m ore  
closely reflective  o f  the high percentage G C  present in  the m a jo rity  o f  prim ers  
synthesised (T ab le  3 .3 .) . I t  was also noted that the run o f  three Gs at the very  5' end o f  
R T 7 q  contravened a ru le  proposed by Inn is and G elfand (1 9 9 0 ) w h ich  stated that runs 
o f  three o r m ore Gs or Cs at the 3' end should be avoided due to  the risk o f  m isprim ing  
at G C  rich sequences. T h e  use o f  prim ers R T 1 2 c  and P C R 1 2 c , dem onstrated that 
successful am plification  could be achieved using a prim er pair w hose G C  contents d iffer  
by m ore than 10 per cent. W ith  reference to  the o ther prim ers present in Tab le  3 .3 ., 
details o f  the R T -P C R  reactions involved w ill appear in the relevant Chapters. 
H o w e v e r, it  can be stated at this poin t, that each p rim er pair in Tab le  3 .3 . did 
successfully am plify  the ir target region. T h e  success o f  these prim ers in  the R T -P C R  
am plification  o f  R V  dem onstrate that the guidelines referred to  in  Section 3 .1 . do not 
reflect absolute requirem ents and indeed m ay be breached to  a large degree in  some 
cases.
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In  v ie w  o f  the general findings o f  this chapter, standard protocols fo r  R T -P C R  as 
described in Sections 2.2.10.3. and 2 .2 .10 .4 .w ere  adopted. I t  should be stated how ever, 
that these findings w ere  based on the use o f  three prim er pairs (R T 1  and P C R B , F P C R  
and R T 7 q , R T 1 2 c  and P C R 1 2 c ). W h e re  m ultip le  prim ing w ith  PJ Prim ers w as used, 
this offered  an advantage over the use o f  a single antisense p rim er fo r prim ing o f  the R T  
reaction, in that the c D N A  tem plate produced by them , could be used in  reactions aim ed  
at am plify ing  various fragm ents o f  the N S  coding region o f  the R V  genom e. Indeed, the  
in itia l in tention  had been to  use these prim ers to  perform  a large-scale R T  reaction fro m  
each R V  strain and then use this to  am plify  all o r m ost o f  the desired c D N A  fragm ents. 
W h e n  account was taken  o f  all the results in this Chapter, how ever, the varia tion  seen 
fro m  tem plate  to  tem plate, indicated that it w o u ld  be m ore reliable to  p erfo rm  a num ber 
o f  R T  reactions fo r  each tem plate  using R N A  at various concentrations. PJ Prim ers  
w ere , nevertheless, em ployed fo r  subsequent R T s  using R N A  tem plate  purified  from  
crude virus pellet at various concentrations and incubating the R T  reactions at 4 2 ° C .  
W h e n  am plification  did not produce the desired product, R T  reactions w ere  repeated  
using the anti-sense p rim er to  fac ilita te  reverse transcription at the higher tem perature o f  
5 5 ° C  (as w as the case w ith  the C endehill 'F' fragm ent, Section 3 .5 .) . A lthough  R N A  
tem plate  w as routinely  boiled to  rem ove secondary structures p rio r to  adding it to  the  
R T  reaction, it m ay be that, in regions o f  the R N A  tem plate w here  the G C  content is 
highest, n ew  secondary structures fo rm  or old ones re fo rm  w hen the reaction  is 
perform ed at 4 2 ° C  but not at 5 5 °C . T h e  incorporation  o f  the negative controls w ith  D ,  
E  and F  reactions in Sections 3 .4  and 3 .5 . showed that the pro toco l developed was free  
fro m  cross-contam ination. Such controls, how ever, are very  im portant fo r all 
am plification  experim ents due to  the inherent problem s o f  cross-contam ination w hich  
accom pany this technique. I t  is entirely possible under ideal conditions, to  am plify  fro m  
a single D N A  m olecule up to  109 m olecules, thus it was decided that negative controls  
(no  R N A  tem plate) should be included in the standard procedure fo r  fu tu re  R T -P C R s .
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A  w o rk in g  R T -P C R  system fo r the am plification  o f  rubella R N A  w as thus developed. 
T h e  next step w as to  apply this system to  the am plification  o f  the rem aining areas o f  the  
N S  encoding genom ic reg ion  and to  o ther R V  strains.
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C H A P T E R  4.
A N A L Y S E S  A N D  C O M P A R I S O N S  OF T H E  N S  
PROTEIN C O D I N G  R E G I O N  OF T H E  R V
G E N O M E .
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4.1. In troduction
Sequence varia tion  occurs betw een  viruses and particu larly  w ith in  R N A  viruses 
(discussed in  m ore detail in C hapter 7 ). T he  extent o f  sequence varia tion  w ith in  the 5' 
N C  reg ion and N S  prote in  O R F  o f  R V  has not previously been assessed. T h e  central 
aim  o f  these studies w as to  acquire know ledge o f  sequence varia tio n  w ith in  the N S  
genom ic coding region and part o f  the 5' N C  region o f  R V  strains, particularly  betw een  
th e  C endehill vaccine strain and w ild -ty p e  strains Thom as, T herien  and M 3  3. Such  
sequence in form ation  m ay help to  elucidate the m olecular basis fo r  pathogenesis and 
attenuation  and identify , by com parison w ith  o ther R V  genom es, strain specific  
sequences o f  R V .
T h e  N S  proteins o f  viruses have generally been less extensively studied than the  
structural proteins w h ich  include m any o f  the im m unodom inant dom ains o f  viruses. 
C larifica tio n  o f  the roles played by N S  proteins in v ira l rep lication  is, how ever, crucial to  
o ur understanding o f  v ira l life  cycles. K no w led ge  o f  v ira l rep lication  m ay help to  
elucidate the roles played by N S  proteins in  v ira l pathogenesis and th e ir interactions w ith  
host cell processes m ay identify  virus-specific functions at w h ich  antiv ira l therapeutic  
strategies can be aim ed. T h e  an ti-v ira l d m g  A cyclov ir, an analogue o f  the nucleoside  
guanosine, has been effective  in the treatm ent o f  H erpes sim plex virus (H S V )  infections  
because o f  its selective action  on H S V -in fe c te d  cells and consequent lo w  to x ic ity  fo r  
norm al uninfected cells (H irsch  and K aplan , 1987 ). A c y c lo v ir is p referentia lly  
phoshorylated by H S V  thym idine kinase to  its m onophosphate fo rm . C e llu la r thym idine  
kinase has a m uch lo w e r a ffin ity  fo r  the drug and so this step does not occur to  any 
great extent in  uninfected cells. O nce the acyclovir m onophosphate is phosphorylated to  
the triphosphate fo rm  by cellu lar enzymes in H S V -in fe c te d  cells, it then acts as a 
substrate fo r  and inh ib ito r of, the H S V  D N A  polym erase, e ffective ly  inhib iting v ira l 
replication.
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L itt le  is kn o w n  about the life  cycle o f  rubella virus and the roles played by the N S  
proteins. A lth o ug h  the structural p rote in  genes o f  various strains o f  R V  have been  
sequenced (S ection  1 .3 .1 .) , in  the early stages o f  these studies, only the com plete  
genom ic sequence o f  one w ild -ty p e  strain had been published (D o m in g u ez  e t  a l , 1990 ). 
L a te r, the N S  prote in  coding reg ion  o f  the M 3 3  w ild -typ e  strain w as included in the  
G en B ank  database by G illam  (1993 )(A ccess io n  num ber X 7 2 3 9 3 B ) . Since R V  
rep lication  does not switch o f f  host cell synthesis o f  m acrom olecules, R V  proteins have 
been d ifficu lt to  detect over the host cell background (H em p h ill e t  a l , 1988 ). Sequence  
analysis o f  the N S  coding reg ion  o f  the Therien  strain has, how ever, revealed a num ber 
o f  putative  dom ains (discussed in detail in Section 1 .3 .2 .1 .) and m ore recently, using a 
recom binant clone containing the N S  p ro te in  O R F  o f  R V , M a r r  and colleagues (1 9 9 4 )  
expressed three R V  specific products o f  sizes 2 0 0 k D , 1 5 0 k D  and 9 7 k D  w hich  
approxim ate  to  the sizes o f  three o f  the putative  N S  R V  proteins reported  earlier by  
B o w d e n  and W estaw ay  (1 9 8 4 ) . U sing  site-directed mutagenesis, M a r r  and colleagues  
w ere  able to  show  that the cysteine residue at position 1151 is required fo r the activ ity  
o f  the protease responsible fo r  the processing o f  the R V  N S  proteins. T h e ir  results also 
dem onstrate that the 2 0 0 k D  prote in  (P 2 0 0 ) is like ly  to  be the polypeptide precursor 
w h ich  results fro m  the translation o f  the entire N S  protein  O R F  and the 1 5 0 k D  protein  
( P I 5 0 ) is a proccessing product derived fro m  the amino tw o -th ird s  o f  the polypeptide  
precursor.
A lth o ug h  m any o f  the im m unodom inant dom ains o f  R V  have been m apped to  
structural proteins (S ection  1 .4 .), it m ay be that analysis o f  N S  v ira l proteins w ill reveal 
some im m unodom inant dom ains w ith in  these proteins. Studies w ith  the flaviviruses  
have dem onstrated that p ro tective  im m unity  can be elicited by a N S  protein , N S 1  w hich  
is a g lycoprote in  o f  betw een 4 2  and 5 0 k D  in m olecular w e ig h t (depending on the the  
flav iv irus exam ined) and although it does not elic it neutralisation, im m unisation w ith  
N S 1  o r passive transfer o f  a n t i-N S l antibody confers pro tection  (G ibson e l  a l , 1988; 
Schlesinger e l  a l ., 1985 ). A n  im m unodom inant B  cell ep itope has also been identified on
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the polypeptide encoded by the N S 4  region o f  H epatitis  C  virus (C erino  and M o n d e lli, 
1 991 ).
A lth o ug h  the m ain objective o f  this w o rk  was to  acquire sequence data from  the  
C endehill and Thom as strains, in doing so, an additional aim  w as to  generate c D N A  
clones containing overlapping fragm ents (F ig u re  3 .2 .)  o f  the N S  O R F  such that they  
could be subsequently ligated together and used in  fu ture  studies to  express the N S  R V  
proteins.
T h e  in itia l stages o f  this w o rk  involved  the designing o f  R T  and P C R  prim ers and the  
developm ent o f  an R T -P C R  system to  am plify  fragm ents o f  the N S  coding reg ion  o f  the  
R V  genom e. T h e  strategy used fo r  positioning and designing o f  P C R  prim ers and the  
developm ent o f  a reliable R T -P C R  p ro toco l are both  described in detail in C hapter 3. 
This  C hapter describes the am plification  o f  all fragm ents from  the N S  genom ic coding  
reg ion  o f  R V  strains C endehill and Thom as except those w h ich  have already been 
detailed in C hapter 3. This C hapter examines the nucleotide and deduced am ino acid 
sequences o f  N S  genom ic coding regions o f  C endehill, Thom as, Therien  and M 3 3  R V  
strains to  assess the degree o f  sequence variation.
4 .2 . E x p e r im e n ta l w o rk .
A ll  the basic m ethods used in this C hapter are described in C hapter 2. A n y  
variations to  the basic m ethodologies are described w here appropriate.
4 .2 .1 . A m p lif ic a t io n  o f  R V  g en o m ic  reg ions en cod ing  th e  N S  p ro te in s .
F o r  all R T -P C R  reactions described here, the R N A  tem plate used w as extracted from
crude virus pellets using R N A z o l B  solution as outlined in Section 2 .2 .5 .2 . Reverse  
transcrip tion  and am plification  o f  fragm ents 'C', 'D ', 'ea ', 'ep1, 'ey', 'F', 'G ', 'H ', T  and 'J'
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w e re  perform ed as described in Section 2 .2 .1 0 ., such that reactions invo lv ing  only one
set o f  prim ers and one R V  strain, w ere  set up at any one tim e. T h e  prim ers (details o f
w h ich  are show n in  T ab le  3 .3 .)  and therm al profiles used fo r  the am plification  o f  all 
fragm ents except 'ep1 are tabulated in  Tab le  4 .1 . P rim ers and therm al profiles used fo r
the am plification  o f  'ep' fragm ent can be seen in Tables 4 .2 .a and 4 .2 .b . A ll reactions
w e re  electrophoresed in  2 %  agarose gels, stained in eth id ium  brom ide and photographed
as described in  Section 2 .2 .1 1 . Bands o f  c D N A  o f  desired size w e re  visualised in gels
contain ing the am plified  products o f  all the targeted regions recorded in T ab le  4 .1 .
W h e re  fragm ents fro m  Thom as and C endehill R V  strains w ere  am plified  using the same
prim ers, only am plified bands fro m  one strain are shown. These can be seen in Figures  
4 .1 . CC', C endeh ill), 4 .2 .a  ('D ',C en d eh ill), 4 .2 .b  ('D ', Thom as), 4 .3 . ('e a ', Thom as), 4 .4 .
('ey', Thom as), 4 .5 . ('F ', Thom as), 4 .6 . ( 'G 1, C endehill), 4 .7 . ( 'H ', T hom as) and 4 .8 . ('J',
C endeh ill). D escrip tions and results o f  the am plification  o f  the C endehill 'A /B ', 'I' and 'F
fragm ents and o f  the Thom as 'A /B ' fragm ents are in C hapter 3. T h e  only reactions  
w h ich  d id not produce visible bands w ere  those perform ed to  am plify  the 'ep' fragm ent
o f  both  C endehill and Thom as R V  strains. U sing  12ng, 24ng  and 36ng  o f  R N A  
tem plate, the reactions w e re  repeated using the same fo u r p rim er com binations but 
utilis ing annealing tem peratures 2 ° C  lo w e r than those orig inally  em ployed (T a b le  4 .2 .a). 
N o  visib le products w ere  present fo llo w in g  electrophoresis o f  these am plification  
reactions.
In  fu rther sets o f  reactions using the same prim ers and R N A  concentrations, the R T  
stage w as altered such that each IO jjI reaction contained 5 units o f  T e t-z  D N A  
polym erase (A m ersham  In terna tio n a l) in  a final concentration o f  1 5 m M  am m onium  
sulphate, 2 0 m M  T r is -H C l p H 8 .8 , 2 m M  M agnesium  chloride, 0 .0 5 %  T w e e n  20 , 0 .0 5 %  
N P 4 0 , Im M  o f  each d N T P  and l .O p M  antisense prim er. T h e  reactions w ere  incubated  
in  a therm al cycler at 9 6 ° C  fo r  3 mins (to  denature the R N A  tem p la te ) and then 6 0 ° C  fo r  
15 mins. E ach  reaction  w as perform ed in duplicate. T hree  volum es o f  ethanol and 
sodium  acetate to  a final concentration o f  0 .3 M  w ere  added to  one duplicate set o f  R T
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FIGURE 4.1.
P C R  AMPLIFIED 'C' F R A G M E N T  O F  C E N D E H I L L  R V
2% Agarose gel containing the amplified products of Cendehill 
RV RNA and primers PCR4 and RT3 which flank a region from 
bases 517 to 1190 of the RV genome.
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FIGURE 4.2.a
P C R  AMPLIFIED 'D* F R A G M E N T  O F  C E N D E H I L L  R V
2% Agarose gel containing the amplified products of Cendehill 
RV RNA and primers PCR6c and RT5 which flank a region from 
bases 1134 to 1852 of the RV genome.
1 ,3 5 3 b p
% 0 7 S b p
B 7 2 b p 7 6 9 b p
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F IG U R E  4 .2 .b 
P C R  A M P L I F I E D  ’ D ’ F R A G M E N T  O F  T H O M A S  R V
2% Agarose gel containing the amplified products of Thomas 
RV RNA and primers PCR6c and RT5c which flank a region from 
bases 1134 to 2029 of the RV genome.
1 ,0 7 S b p _
8 7 2 b p 9 3 7  b p
156
F IG U R E  4 .3 . 
P C R  A M P L I F I E D  ,e f r t F R A G M E N T  O F  T H O M A S  R V
2% Agarose gel containing the amplified products of Thomas 
RV RNA and primers PCR8f and RT7x which flank a region from 
bases 1736 to 2246 of the RV genome.
1 j3 5 3 b p  
1 ,0 7 B b p  X
8 7 2 b p
5 5 3 b p
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F IG U R E  4 .4 . 
P C R  A M P L I F I E D  'e y  F R A G M E N T  O F  T H O M A S  R V
2% Agarose gel containing the amplified products of Thomas 
RV RNA and primers e2bPCR and RTe2 which flank a region from 
bases 2437 to 2795 of the RV genome.
1 , 3 5 3 b p
1,Cr7Bbp$
B 7 2 b p -----
6 Q 3 b p
3 1 0 b p 4 Q 5 b p
FIGURE 4.5.
P C R  AMPLIFIED F‘ F R A G M E N T  O F  T H O M A S  R V
2% Agarose gel containing the amplified products of Thomas 
RV RNA and primers PCR8e and RT7d which flank a region from 
bases 2677 to 3541 of the RV genome.
1 , 3 5 3 b p
1 ,0 7 8 b
S 7 2 b p 9 Q 3 b p
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FIGURE 4.6.
P C R  AMPLIFIED *G* F R A G M E N T  O F  C E N D E H I L L  R V
2% Agarose gel containing the amplified products of Cendehill 
RV RNA and primers PCRlOc and RT9b which flank a region from 
bases 3362 to 4323 of the RV genome.
1 , 3 5 3 b p
1 i 0 7 8 b p
S 7 2 b p
6 0 3 b p
1 , 0 0 7 b p
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FIGURE 4.7.
P C R  AMPLIFIED ‘H* F R A G M E N T  O F  T H O M A S  R V
2% Agarose gel containing the amplified products of Thomas 
RV RNA and primers PCRlOb and RT92 which flank a region from 
bases 4296 to 5340 of the RV genome.
1 i 3 5 3 b p
1 j 0 7 8 b p
8 7 2 b p
6 Q 3 b p
1 , 0 9 2 b p
I6l
FIGURE 4.8.
P C R  AMPLIFIED J* F R A G M E N T  O F  C E N D E H I L L  R V
2% Agarose gel containing the amplified products of Cendehill 
RV RNA and primers GES2 and GES1 which flank a region from 
bases 6453 to 6706 of the RV genome.
1 , 3 5 3 b p
1 , 0 7 B b p
8 7 2 b p
6 0 3 b p
3 1 0 b p 2 9 6 b p
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reactions and precip itation  effected by incubation at -7 0 ° C  fo r 1 hour and centrifugation  
at 1 4 ,000g  fo r 2 0  mins. T h e  resulting precipitates w ere  resuspended in a small vo lum e o f  
sterile w ater, boiled  fo r 10 mins and then quick chilled in ice -w a te r before  expanding  
them  to  'standard' 5 0 p l P C R  reactions as described in Section 2 .2 ,1 0 .4 . T h e  second set 
o f  duplicate R T  reactions w ere  d irectly  expanded to  5 0 jj1 P C R  reactions resulting in 
fina l concentrations o f  1 un it T e t-z  D N A  polym erase, 1 9 m M  am m onium  sulphate, 
7 1 m M  T r is -H C l p H 8 .8 , 1 .9 m M  m agnesium  chloride, 0 .0 2 %  T w e e n  20 , 0 .0 1 %  N P 4 0 ,  
0 .2 m M  o f  each d N T P  and 0 .5 [ iM  o f  sense and antisense prim ers. T h e  P C R  therm al 
profiles shown in  Tab le  4 .2 .b  w ere  then used fo r both sets o f  duplicate reactions. N o  
am plified bands could be seen fo llo w in g  agarose gel electrophoresis and eth id ium  
brom ide staining o f  those reactions in  w h ich  T e t-z  D N A  polym erase was used 
th roughout. O ne fa int band o f  target size could be seen, how ever, from  a reaction  
w h ich  contained 12ng Thom as R V  R N A , prim ers e 2 a Y  and P C R 8 m 3  and w h ich  was  
reverse transcribed by T e t-z  D N A  polym erase and subsequently am plified by T aq  
polym erase.
4 .2 .2 . C lo n in g  o f  a m p lif ie d  c D N A  fra g m e n ts  a n d  screen in g  o f  re c o m b in a n t  
c D N A  clones.
Fragm ents 'C' and 'H ' am plified fro m  Thom as R V  R N A  w ere  b lunt-end cloned  
in to  p U C 1 8 /S m a  I  c u t/B A P  as described in  Sections 2 .2 .1 3 . A ll o ther fragm ents w ere  
cloned using the T A  cloning k it  as described in Section 2 .2 .1 3 .6 . R ecom binant c D N A  
clones w ere  screened as detailed in  Section 2 .2 .1 4 . and restriction digests (S ection  
2 .2 .1 6 .)  perform ed to  confirm  that cloned c D N A  o f  the correct size w as present. F o r  
recom binant clones constructed by the T A  cloning k it, the E c o  R l  sites located in the  
vecto r p C R II  (F ig u re  2 .3 .)  adjacent to  each end o f  the inserted c D N A  w ere  explo ited  to  
release the cloned fragm ents. E co  R l  digestion w as also used to  confirm  the size o f  the  
inserted c D N A  in the recom binant p U C 1 8  containing the puta tive  'C' fragm ent o f  
Thom as R V . Th is  w as possible because prim ers R T 3  and P C R 4  used to  am plify  this
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fragm ent encoded E co  R I  sites in  addition to  R V  sequences. H in d  I I I  and E c o R I w ere  
used to  digest recom binant p U C 1 8  containing the putative 'H ' fragm ent o f  Thom as R V  
and confirm  the size o f  inserted c D N A . E co  R I  was the enzym e o f  choice fo r this 
purpose because there are no E co  R I  sites present in the published R V  genom ic  
sequence (D o m in g u ez  e t  a l . , 1990 ).
4 .2 .3 . D N A  seq uen c ing  o f  c loned  ru b e lla  c D N A s .
R ecom binant p U C 1 8  and p C R II  clones containing inserted D N A  o f  the correct size, 
w ere  subjected to  confirm atory  sequencing (see Section 4 .2 .4 .)  using the 'Universal' 
prim er and reaction conditions fo r  reading sequences close to  the p rim er as described in  
Section 2 .2 .1 7 .3 . T he  R V  genom e has a high G C  content (reported  as 6 9 .5  per cent in 
the T herien  strain, D o m in g u ez  e t  a l . , 1 9 9 0 ) and this can result in strong secondary 
structures w h ich  m ay produce gel artefacts such as bands being fu rther apart or 
compressed leading to  the loss o f  sequence inform ation. F o r  this reason, 7 -d e a za -d G T P  
w as used fo r  m ost o f  the sequencing reactions. W h en  7 -d e a za -d G T P , a nucleotide  
analogue o f  d G T P , is substituted fo r d G T P  it form s w eaker secondary structures and 
thus helps to  e lim inate gel artefacts (M izu s a w a  e t  a l , 1986 ). F o llo w in g  confirm atory  
sequencing, the M l 3 R everse p rim er w as used to  determ ine the sequence at the o ther 
end o f  the inserted c D N A  and w h ere  clones contained inserted c D N A  greater than  
700b p  in  length, prim ers designed to  anneal at internal positions in the c D N A  w ere  used 
to  determ ine the rem aining sequence. T h e  particular c D N A  fragm ents to  w h ich  the  
prim ers annealed are indicated by th e ir p rim er names (T a b le  2 .4 .) . B y  prim ing on the  
opposite strand o f  regions containing strong secondary structure, some o f  these prim ers  
w e re  also used to  clarify  areas o f  sequence w h ich  had previously p roved  d ifficu lt to  
elucidate. T h e  entire sequence o f  each target region was obtained in duplicate fro m  tw o  
clones and w h ere  a base d ifference occurred, a th ird  clone w as sequenced and the  
consensus o f  the three sequences taken.
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4 .2 .4 . N u c le o tid e  a n d  a m in o  a c id  co m p ariso n s  o f  th e  R V  N S  p ro te in  co d in g  
re g io n .
Sequence data w as assembled and analysed using tw o  com puter program s:
-  M ic ro g en ie  sequence analysis program  (B eckm an Instrum ents In co rp o ra ted ) 
(Q ueen  and K o rn , 1984).
- C lustal V  (H igg ins  e t  a l , 1992 ).
T h e  M ic ro g en ie  program  was used to  m ake hom ology com parisons betw een the
in itia l c D N A  sequence data and that o f  the published sequence to  confirm  that the
cloned c D N A  w as fro m  the targeted region o f  the R V  genom e (D o m in g u e z  e t  a l . , 
1990 ). A ll fragm ents w e re  successfully am plified and cloned except that o f 'e p ' (F igure
3 .2 .). D N A  sequence fro m  the putative  'ep' cloned fragm ent showed the presence o f  the
prim er sequences (e 2 a Y  and P C R 8 m 3 ) at either end o f  it, bu t D N A  bearing no  
hom ology to  R V  internally. A s a consequence, the nucleotide and deduced am ino acid  
sequences o f  the first part o f  the R V  N S  coding region are show n in F igures 4 .9 .a 
(T h o m as) and 4 .1 0 .a (C endeh ill) and the second part in F igures 4 .9 .b (T h om as) and 
4 .1 0 .b  (C endeh ill). F igures 4 .9 .a and 4 .1 0 .a show nucleotides 18 to  2 2 4 6  o f  the R V  
genom e, the first 23 o f  these preceding the N S  O R F . In  F igures 4 .9 .b  and 4 .1 0 .b , the  
D N A  extends fro m  nucleotides 2 4 3 7  to  6 7 0 6 , 36  nucleotides beyond the th ird  stop 
codon o f  the N S  O R F . T h e  putative  dom ains (F igure  1 .4 .) present in  the N S  O R F  o f  
the R V  genom e are indicated in these Figures. T h e  nucleotide and deduced am ino acid 
sequences o f  these tw o  regions o f  Thom as and Cendehill strains w ere  com pared w ith  
those o f  the Therien  strain using the C lustal V  program . Com parisons o f  the first region  
can be seen in F igure  4 .1 1 .a (nucleotides) and 4 .1 2 .a  (am ino acids) and com parisons o f  
the second reg ion  can be seen in  F igures 4.1 l .b  (nucleotides) and 4 .1 2 .b  (am ino acids). 
C om parisons w ere  also m ade betw een the Thom as, Therien  and C endehill strains and 
the M 3 3  strain up to  nucleotide 6295  (S um m ary  shown in Tab le  4 .4 .) . T h e  percentage  
hom ologies o f  nucleotides and am ino acids o f  all o f  these R V  strains are shown in 
Tables 4 .3 .a and 4 .3 .b . T h e  am ino acid substitutions found are tabulated in T ab le  4 .4 .
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FIGURE 4.9.a
NUCLEOTIDE AND DEDUCED AMINO ACID SEQUENCE OF THE FIRST PART OF
THE NONSTRUCTURAL PROTEIN CODING REGION OF THOMAS RV
18 CCTCGCTTAGGACTCCTTTTCCCATGGAGAAACTCCTAGATGAGGTTCTTGCCCCCGGTG
M E K L L D E V L A P G  12
GGCCTTACAACTTAACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
I 3 G P Y N L T V G S W V R D H V R S I  V E 22
GCGCGTGGGAAGTGCGCGATGTTGTTACCGCTGCCCAAAAGCGGGCCATCGTAGCCGTGA 
3 3 G A W E V R D V V T A A Q K R A  I V A V 52
TACCCAGACCTGTGTTCACGCAGATGCAGGTTAGTGATCACCCAGCACTCCACGCAATTT 
5.1 I P R P V F T Q M Q V S D H P A L H A I 7 2
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W  I E W G P K E A L H V L 9 2
TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCAC 
93 I D P S P G L L R E V A R V E R R W V A  112
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCCAGCGAGG 
113 L C L H R T A R K L A T A L A E T  A S E 132
CGTGGCACGCTGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
133 A W H A D Y V C A L R G A P S G P F Y V I 5 2
ACCCTGAGGACGTCCCGCACGGCGGTCGCGCCGTGGCGGACAGATGCTTGCTCTACTACA 
153 H P E D V P H G G R A V A D R C L L Y Y  172
CACCCATGCAGATGTGCGAGCTGATGCGTACCATTGACGCCACCTTGCTCGTGGCGGTTG 
173 T P M Q M C E L M R T I D A T L L V A V  192
ACTTGTGGCCGGTCGCCCTTGCGGCCCACGTCCGCGATGACTGGGACGACCTGGGCATTG 
193 D L W P V A L A A H V R D D W D D L G I  212
CCTGGCATCTCGACCATGATGGCGGTTGCCCCGCCGATTGCCGCGGAGCCGGCGCTGGGC 
213 A W H L D H D G G C P A D C R G A G A G  232
CCACGCCCGGCTACACCCGCCCCTGCACCACACGCATCTACCAAGTCCTGCCGGACACCG 
233 P T P G Y T R P C T T R I Y Q V L P D T  252
CCCACCCCGGGCGCCTCTACCGGTGCGGGCCCCGCCTGTGGACGCGCGATTGCGCCGTGG 
253 A H P G R L Y R C G P R L W T  R D C A V 272
CCGAACTCTCATGGGAGGTTGCCCAACACTGCGGGCACCAGGCGCGCGTGCGCGCCGTGC 
273 A E L S W E V A Q H C G H Q A R V R A V  292
GGTGCACCCTCCCTATCCGCCACGTGCGCAGCCTCCAACCCAGCGCGCGGGTCCGACTCC 
293 R C T L P I R H V R S  L Q P S A R V R  L 312
CGGACCTCGTCCATCTCGCCGAGGTGGGCCGGTGGCGGTGGTTCAGCCTCCCCCGCCCCG 
313 P D L V H L A E V G R W R W F S L P R P  332
TGTTCCAGCGCATGCTGTCCTACTGCAAGACCCTGAGCCCCGACGCGTACTACAGCGAGC 
333 V F Q R M L S Y C K T L S P D A Y Y S E  352
GCGTGTTCAAGTTCAAGAACGCCCTGAGCCACAGCATCACGCTCGCGGGCAATGTGCTGC 
353 R V F K F K N A L S H S I T L A G N V L  372
AGGAGGGGTGGAAGGGCACGTGCGCCGAGGAAGACGCGCTGTGCGCATACGTAGCCTTCC 
373 Q E G W K G T C A E E D A L C A Y V A F  392
GCGCGTGGCAGTCTAACGCCAGGCTGGCGGGGATTATGAAAAGCGCGAAGTGCGCCGCCG 
393 R A W Q S N A R L A G I M K S A K C A A  -112
ACTCTTTGAGCGTGGCCGGCTGGTTGGACACCATCTGGGACGCCATTAAGCGGTTCTTCG 
413 D S L S V A G W  L D T  I W D A I K R F F  432
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GCAGTGTGCCCCTCGCCGAGCGCATGGAGGAGTGGGAACAGGACGCCGCGGTCGCCGCCT 
433 G S V P L A E R M E E W E Q D A A V A A  452
TCGACCGCGGCCCCCTCGAGGACGGCGGGCGCCACTTGGACACCGTGCAACCCCCAAAAT 
453 F D R G P L E D G G R H L D T V Q P  P K  472
CGCCGCCCCGCCCTGAGATCGCCGCGACCTGGATCGTCCACGCAGCCAGCGCAGACCGCC 
473 S P P R P E I A A T W I V H A A S A D R  492
ATTGTGCGTGCGCTCCCCGCTGCGACGTCCCGCGCGAACGTCCTTCCGCGCCCGCCGGCC 
493 H C A C A P R C D V P R E R P S A P A G  512
CGCCGGATGACGAGGCGCTCATCCCGCCGTGGCTGTTCGCCGAGCGCCGTGCCCTCCGCT 
513 P P D D E A L I  P P W L F A E R R A L R  532
GCCGCGAGTGGGATTTCGAGGCTCTCCGCGCGCGCGCCGATACGGCGGCCGCGCCCGCCC 
533 C R E W D F E A L R A R A D T A A A P A  552
CGCTGGCTCCACGCCCTGCGCGGTACCCCACCGTGCTCTACCGCCACCCCGCCCACCACG 
553 P L A P R P A R Y P T V L Y R H P A H H  572
GTCCGTGGCTCACCCTTGACGAGCCGGGCGAGGCTGACGCGGCCCTGGTCTTATGCGACC 
573 G P W L T L D E P G E A D A A L V L C D  592
CACTTGGCCAGCCGCTCCGGGGCCCCGAACGCCACTTCGCCGCCGGCGCGCATATGTGCG 
593 P L G Q P L R G P E R H F A A G A H M C  612
CGCAGGCGCGGGGGCTCCAGGCTTTTGTCCGCGTCGTGCCTCCACCCGAGCGCCCCTGGG 
613 A Q A R G L Q A F V R V V P P P E R P W  632
CCGACGGGGGCGCCAGAGCGTGGGCGAAGTTCTTCCGCGGCTGCGCCTGGGCGCAGCGCT 
633 A D G G A R A W A K F F R G C A W A Q R  652
TGCTCGGCGAGCCGGCAGTCATGCACCTCCCATACACCGACGGCGACGTGCCACAGCTGA 
653 L L G E P A V M H L P Y T D G D V P Q L  672
TCGCACTGGCCTTGCGCACGCTGGCCCAACAGGGGGCCGCCTTGGCACTCTCGGTGCGTG 
673 I A L A L R T  L A Q Q G A A L A L S V R  692
ACCTGCCCGGGGGTGCAGCGTTCGACGCAAATGCGGTCACCGCCGCCGTGCGCGCTGGCC 
693 D L P G G A A F D A N A V T A A V R A G  712
CCGGCCAGTCCGCGGCCACGTCACCGCCACCCGGCGACCCCCCGCCGCCGCGCCGCGCAC 
713 P G Q S A A T S P P P G D P P P P R R A  732
GGCGATCGC 2246 
733 R R S 735
FIGURE 4.9.a Notes.
The numbering of tlie nucleotide and amino acid sequence corresponds to that of Dominguez et al (1990). Amino acids 57 to 
267, underlined by a solid line, represent the putative methyltransferase domain reported by Rozanov et al. (1992). Amino adds 
247 to 376, underlined by a dashed line, represent the putative Y domain reported by Koonin et al. (1992). Amino acids 716 to 
735, underlined by a solid line, represent part of the proline-rich hinge domain which extends to amino add 782 in the Therien RV 
(Koonin et at., 1992).
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, 
glycine; H, histidine; I, isolcucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, 
serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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FIGURE 4.9.b
NUCLEOTIDE AND DEDUCED AMINO ACID SEQUENCE OF THE SECOND PART
OF THE NONSTRUCTURAL PROTEIN CODING REGION OF THOMAS RV
2437 CAAGGCAGACCCAGACAGCGACATCGTTGAAAGTTACGCCCGCGCCGCCGGCCCCGTGCA 
800 K A D P D S D I V E S Y A R A A  G P V H
CCTCCGAGTCCGCGACATCATGGACCCACCGCCCGGCTGCAAGGTCGTGGTCAACGCCGC 
820 L R V R D I M D P  P P G C K V V V N A A
CAACGAGGGGCTGCTGGCCGGCTCTGGCGTGTGCGGTGCCATCTTTGCCAACGCCACGGC 
8-10 N E G L L A G S G V C G A I F A  N A T A
GGCCCTCGCTGCAGACTGCCGGCGCCTCGCCCCATGCCCCACCGGCGAGGCAGTGGCGAC 
8(>0 A L A A D C R R L A P C P T G E A V A T
ACCCGGCCACGGCTGCGGGTACACCCACATCATCCACGCCGTCGCGCCGCGGCGCCCCCG 
880 P G H G C G Y T H I  I H A V A P R R P R
GGACCCCGCCGCCCTCGAGGAGGGCGAAGCGCTGCTCGAGCGCGCCTACCGCAGCATCGT 
900 D P A A L E E G E A L L E R A Y R S I V
CGCGCTAGCCGCCGCGCGTCGGTGGGCGTGCGTCGCGTGCCCCCTCCTCGGCGCTGGCGT 
920 A L A A A R R W A C V A C P L L G A G V
CTACGGCTGGTCTGCTGCGGAGTCCCTCCGAGCCGCGCTCGCGGCTACGCGCGCCGAGCC 
940 Y G V J S A A E S L R A A L A A T R A E P
CGTCGAGCGCGTGAGCCTGCACATCTGCCACCCCGACCGCGCCACGCTGACGCACGCCTC 
960 V E R V S L H I C H P D R A T L T H A S
CGTGCTCGTCGGCGCGGGGCTCGCTGCCAGGCGCGTCAGTCCTCCTCCGACCGAGCCCCT 
980 V L V G A G L A A R R V S P P P T E P L
CGCATCTCGCCCCGCCGGTGACCCGGGCCGACCGGCTCAGCGCAGCGCGTCGCCCCCAGC 
1000 A S R P A G D P G R P A Q R S A S P P A
GACCCCCCTTGGGGATGCCACCGCGCCCGAGCCCCGCGGATGCCAGGGGTGCGAACTCTG 
1020 T P L G D A T A P E P R G C Q G C E L C
CCGGTACACGCGCGTCACCAATGACCGCGCCTATGTCAACCTGTGGCTCGAGCGCGACCG 
1040 R Y T R V T N D R A Y V N L W L E R D R
CGGCGCCACCAGCTGGGCGATGCGCATTCCCGAGGTGGTTGTCTACGGGCCGGAGCACCT 
1060 G A T S W A M R I  P E V V V Y G P E H L
CGCCACGCATTTTCCATTAAACCACTACAGTGTGCTCAAGCCCGCGGAGGTCAGGCCCCC 
1080 A T H F P L N H Y S V L K P A E V R P P
GCGAGGCATGTGCGGGAGTGACATGTGGCGCTGCCGCGGCTGGCAGGGCACGCCGCAGGT 
1100 R G M C G S D M W R C R G W Q G T P Q V
GCGGTGCACCCCCTCCAACGCTCACGCCGCCCTGTGCCGCACAGGCGTGCCCCCTCGGGT 
1120 R C T P S N A H A A L C R T G V P P R V
GAGCACGCGAGGCGGCGAGCTAGACCCAAACACCTGCTGGCTCCGCGCCGCCGCCAACGT 
1140 S T R G G E L D P N T C W L R A A A N V
TGCGCAGGCTGCGCGCGCCTGCGGCGCCTACACGAGTGCCGGGTGCCCCAAGTGCGCCTA 
1160 A Q A A R A C G A Y T S A G C P K C A Y
CGGCCGCGCCCTGAGCGAAGCCCGCACTCATGAGGACTTCGCCGCGCTGAGCCAACGGTG 
1180 G R A L S E A R T H E D F A A L S Q R W
GAGCGCGAGCCACGCCGATGCCTCCCCTGACGGCACCGGAGATCCCCTCGACCCCCTGAT 
1200 S A S H A D A S P D G T G D P L D P L M
GGAGACCGTGGGATGCGCCTGTTCGCGCGTGTGGGTCGGCTCCGAGCACGAGGCCCCGCC 
1220 E T V G C A C S R V W V G S E H E A P P
.819
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FIGURE 4.9.b continued
CGACCACCTCCTGGTGTCCCTCCACCGTGCCCCCAATGGTCCGTGGGGCGTAGTGCTCGA 
1240 D H L L V S  L H R A P N G P W G V V L E  1259
GGTGCGTGCGCGCCCCGAGGGGGGCAACCCCACCGGCCACTTCGTCTGCGCGGTCGGCGG 
1260 V R A R P E G G N P T G H F V C A V G  G 1279
CGGCCCACGCCGCGTCTCAGACCGCCCCCACCTTTGGCTCGCGGTCCCCCTGTCTCGGGG 
1280 G P R R V S D R P H L W L A V P L S R  G 1299
CGGTGGCACCTGTGCCGCGACCGACGAGGGGCTGGCCCAGGCGTACTACGACGACCTCGA 
1300 G G T C A A T D E G L A Q A Y Y D D L  E1319
GGTGCGCCGCCTCGGGGATGACGCCATGGCCCGGGCGGCCCTCGCATCAGTCCAACGCCC 
1320 V R R L G D D A M A R A A  L A S V Q R P 1339
TCGCAAAGGCCCCTACAATATCAGGGTATGGAACATGGCCGCAGGCGCTGGCAAGACTAC 
1340 R K G P Y N  I R V W N M A A G A G K T T  1359
CCGCATCCTCGCTGCCTTCACGCGCGAAGACCTTTACGTCTGCCCCACCAATGCTCTCCT 
1360 R I  L A A F T R E D L Y V  C P T N A L L 1379
GCACGAGATCCAGGCCAAACTCCGCGCGCGCGATATCGACATCAAGAACGCCGCCACCTA 
1380 H E I Q A K L R A R D I D I K N A A T Y  1399
CGAGCGCGCGCTGACGAAACCGCTCGCCGCCTACCGCCGCATCTACATCGACGAGGCGTT 
1400 E R A L T K P L A A Y R R I Y I D E A F  1419
CACTCTCGGCGGCGAGTACTGCGCGTTCGTTGCCAGCCAAACCACCGCGGAGGTGATCTG 
1420 T L G G E Y C A F V A S Q T T A E V I C  1439
CGTCGGTGATCGGGACCAGTGCGGCCCACACTACGCCAATAACTGCCGCACCCCCGTCCC 
1440 V G D R D Q C G P H Y A N N C R T P V P  1459
TGACCGCTGGCCTACCGAGCGCTCACGCCACACTTGGCGCTTCCCCGACTGCTGGGCGGC 
1460 D R W P T E R S R H T W R F  P D C W A A 1479
CCGCCTGCGCGCGGGGCTCGATTATGACATCGAGGGCGAGCGCACCGGCACCTTCGCCTG 
1480 R L R A G L D Y D I E G E R T G T F A C  1499
CAACCTTTGGGACGGCCGCCAGGTCGACCTTCACCTTGCCTTCTCGCGCGAAACCGTGCG 
1500 N L W D G R Q V D L H L A F S R E T V R I 519
CCGCCTTCACGAGGCTGGCATACGCGCATACACCGTGCGCGAGGCCCAGGGTATGAGCGT 
1520 R L H E A G I R A Y T V R E A Q G M S V  1539
CGGCACCGCCTGCATCCATGTAGGCAGAGACGGCACGGACGTTGCCCTGGCGCTGACACG 
154Q G T A C  I H V G R D G T D V A L A L T R  1559
CGACCTCGCCATCGTCAGCCTGACCCGGGCCTCCGACGCACTCTACCTCCACGAGCTCGA 
1500 D L A I V S L T R A S D A L Y L H E L E  1579
GGACGGCTCACTGCGCGCTGCGGGGCTCAGCGCGTTCCTCGACGCCGGGGCACTGGCGGA 
1580 D G 5 L R A A G L S A F L D A G A L A E  1599
GCTCAAGGAGGTTCCCGCTGGCATTGACCGCGTTGTCGCCGTCGAGCAGGCACCACCACC 
1600 L K E V P A G I  D R V V A V E Q A P  P P 1619
GTTGCCGCCCGCCGACGGCATCCCCGAGGCCCAAGACGTGCCGCCCTTCTGCCCCCGCAC 
1620 L P P A D G I  P E A Q D V P P F C P R T  1639
TCTGGAGGAGCTCGTCTTCGGCCGTGCCGGCCACCCCCATTACGCGGACCTCAACCGCGT 
1640 L E E L V F G R A G H P H Y A D L N R V  1659
GACGGAGGGCGAACGAGAAGTGCGGTACATGCGCATCTCGCGTCACCTGCTCAACAAGAA 
1660 T E G E R E V R Y M R I S R H L L N K N  1679
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FIGURE 4.9.b continued
TCACACCGAGATGCCCGGGACGGAACGCGTTCTCAGTGCCGTTTGCGCCGTGCGGCGCTA 
1680 H T E M P G T E R V L S A V C A V R R Y  1699
CCGCGCGGGCGAGGATGGGTCGACCCTCCGCACTGCTGTGGCCCGCCAGCACCCGCGCCC 
1700 R A G E D G S T L R T A V A R Q H P R  P 1719
TTTCCGCCAGATCCCACCCCCGCGCGTCACTGCTGGGGTCGCCCAGGAGTGGCGCATGAC 
1720 F R Q I  P P P R V T A G V A Q E W R M T  1739
GTACTTGCGGGAACGGATCGACCTCACTGATGTCTACACGCAGATGGGCGTAGCCGCGCG 
1740 Y L R E R I D L T D V Y T Q M G V A A R  1759
GGAGCTCACCGACCGCTACGCGCGCCGCTATCCTGAGATCTTCGCCGGCATGTGTACCGC 
1760 E L T D R Y A R R Y P E I F A G M C T A  1779
CCAGAGCCTGAGCGTTCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT 
1780 Q S L S V P A F L K A T L K C V D A A  L 1799
CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCCTTGAGATCCG 
1800 G P R D T E D C H A A Q G K A G L E I  R 1819
GGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCATTTCCGCGCGATCCAGAAGAT 
1820 A W A K E W V Q V M S P H F R A I  Q K I  1839
CATCATGCGCGCCCTGCGCCCGCAATTCCTTGTGGCCGCCGGCCATACGGAGCCCGAGGT 
1840 I M R A L R P . Q F L V A A G H T E P E V  1859
CGATGCGTGGTGGCAGGCTCATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTT 
I860 D A W W Q A H Y T T N A I E V D F T E  F 1879
CGACATGAACCAGACCCTCGCCACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT 
1880 D M N Q T L A T R D V E L E I S A A L  L 1899
GGGCCTCCCTTGCGCCGAAGACTACCGCGCGCTCCGCGCCGGCAGCTACTGCACCCTGCG 
1900 G L P C A E D Y R A L R A G S Y C T L R  19|9
CGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGCGGCGAGCCCGCCACGCTGCT 
1920 E L G S T E T G C E R T S G E P A T L L  1939
GCACAACACCACCGTGGCCATGTGCATGGCCATGCGCATGGTCCCCAAAGGCGTGCGCTG 
1940 H N T T V A M C M A M R M V P K G V R  WI959
GGCCGGGATTTTCCAGGGTGACGATATGGTCATCTTCCTCCCCGAGGGCGCGCGCAGTGC 
1960 A G I F Q G D D M V I F L P E G A R S  A 1979
GGCACTCAAGTGGACCCCCGCCGAGGTGGGCTTGTTCGGCTTCCACATTCCGGTGAAGCA 
1980 A L K W T P A E V G L F G F H I  P V K  H1999
TGTGAGCACCCCTACCCCCAGCTTCTGCGGGCACGTCGGCACCGCGGCCGGCCTCTTCCA 
2000 V _ S  T P T P S F C G H V G T A A G  F H20I9
TGATGTCATGCACCAGGCGATCAAGGTGCTTTGCCGCCGTTTCGACCCAGACGTGCTCGA 
2020 D V M H Q A I  K V L C R R F D P D V L E  2039
AGAACAGCAGGTGGCCCTCCTCGACCGCCTCCGGGGGGTCTACGCGGCTCTGCCTGACAC 
2040 E Q Q V A L L D R L R G V Y A A L P D T  2059
CGTTGCCGCCAATGCTGCGTACTACGACTACAGCGCGGAGCGCGTCCTCGCTATTGTGCG 
2060 V A A N A A Y Y D Y S A E R V L A I V R  2079
CGAACTTACCGCGTACGCGGGGGCGCGGCCTCGACCACCCGGCCACCATCGGCGCGCTCG 
2080 E L T A Y A G A R P R P P G H H R R A  R2099
AGGAGATTCAGACCCCCTACGCGCGCGCCAATCTCCACGACGCTGACTAACGCCCCTGTA 
2100 G D S D P L R A R Q S P R R *  L T P L Y 2 1 1 9
170
CGTGGGGCCTTTAATCTTACCTACTCTAACCAGGTCATCACCCACCGTTGTTTCGCCGCA 
2120 V G P L I  L P T L T R S S P T V V S P H  2139
TCTGGTGGGTACCCCACTTTTGCCATTCGGGAGAGCCCCAGGGTGCCCGAATGGCTTCTA 
2140 L V G T P L L P F G R A P G C P N G F Y  2159
CTACCCCCATCACCATGGAGGACCTCCAGAAGGCCCTCGAGGCACAATCCCGCGCCCTGC 
2100 Y P H H H G G P P E G P R G T I  P R P A 2179
GCGCGGAACTCGCCGCCGGCGCCTCGCAGTCGCGCCGGCCGCGGCCGCCGCGACAGCGCG 
2180 R G T R R R R L A V A P A A A A A T A  R 2199
ACTCCAGCACCTCCGGAGATGACTCCGGCCGTGACTCCGGAGGGTCCCGCCGCCGCCGCG 
2200 L Q H L R R *  * 2205
GCAACCGGGG 6706
FIGURE 4.9.b Notes.
The numbering of tlie nucleotide and amino acid sequence corresponds to that of Dominguez et at (1990). Amino acids 816 to 
985, underlined by a solid line, represent the putative X domain reported by Koonin et o/.(1992). Amino acids 1109 to 1274, 
underlined by a dashed line, represent the putative papain-like protease domain reported by Koonin et at. (1992). Amino acids 
1333 to 1585, underlined by a solid line, represent the putative RNA lielicase domain reported by Koonin et o/.(1992). Amino 
acids 1594 to 2111, underlined by a dashed line, represent the putative RNA-dependont RNA polymerase domain reported by 
Koonin et at. (1992), Nucleotides 6384 to 6413 (amino acids 2115 to 2124), underlined by a solid line, share hoiuology with a 
stretch of highly conserved nucleotides at the atphavirus subgonomic RNA synthesis start site (Dominguez et at., 1990). There 
are three stop codons at positions 6380, 6656 and 6668, each denoted by *. It is not known at which of these, the nonstructural 
ORF terminates at, but for the purpose of comparison with the Therien strain, those amino acids coded for beyond the first stop codon are shown.
Singlo letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, 
glycine; H, histidine; I, isoleucine; K, lysine; Lr, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, 
serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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FIGURE 4.10.a
18 CCTCGCTTAGGACTCCTATCCCCATGGAGAAACTCCTAGATGAGGTTCTTGCCCCCGGTG
M E K L L D E V L A P G  12
GGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
1 3 G P Y N L T V G S W V R D H V R S I V E  32
GCGCGTGGGAAGTGCGCGATGTTGTTACCGCTGCCCAAAAGCGGGCCATCGTAGCCGTGA 
3 3 G A W E V R D V V T A A Q K R A  I V A V  52
TACCCAGACCTGTGTTCACGCAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTT 
53 I P R P V F T Q M Q V S D H P A L  H A I 72
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W I  E W G P K E A L H V L  >>2
TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCAC 
93 I D P S P G L L R E V A R V E R R W V A  112
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCCAGCGAGG 
113 L C L H R T A R K L A T A L A E T A S E  132
CGTGGCACGCTGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
133 A W H A D Y V C A L R G A P S G P F Y V 152
ACCCTGAGGACGTCCCGCACGGCGGTCGCGCCGTGGCGGACAGATGCTTGCTCTACTACA 
1 5 3 . H P E D V P H G G R A V A D R C L L Y Y  172
CACCCATGCAGATGTGCGAGCTGATGCGTACCATTGACGCCACCCTGCTCGTGGCGGTTG 
173 T P M Q M C E L M R T I D A T L L V A V  192
ACTTGTGGCCGGTCGCCCTTGCGGCCCACGTCGGCGACGACTGGGACGACCTGGGCATTG 
1 9 3 D L W P V A L A A H V G D D W D D L G I  212
CCTGGCATCTCGACCACGACGGCGGTTGCCCCGCCGATTGCCGCGGAGCCGGCGCTGGGC 
213 A W H L D H D G G C  P A D C R G A G A G  232
CCACGCCCGGCTACACCCGCCCCTGCACCACACGCATCTACCAAGTCCTGCCGGACACCG 
233 P T P G Y T R P C T T R I Y Q V L P D T  252
CCCACCCCGGGCGCCTCTACCGGTGCGGGCCCCGCCTGTGGACGCGCGATTGCGCCGTGG 
253 A H P G R L Y R C G P R L W T R D C A V  272
CCGAACTCTCATGGGAGGTTGCCCAACACTGCGGGCACCAGGCGCGCGTGCGCGCCGTGC 
273 A E L S W E V A Q H C G H Q A R V R A V  ?92
GATGCACCCTCCCTATCCGCCACGTGCGCAGCCTCCAACCCAGCGCGCGGGTCCGACTCC 
293 _ R J G T L P I R H V R S L Q P S A R V R L 3 1 2
CGGACCTCGTCCATCTCGCCGAGGTGGGCCGGTGGCGGTGGTTCAGCCTCCCCCGCCCCG
3 1 3 P D L V H L A E V G R W R W F S L P R P 3 3 2
TGTTCCAGCGCATGCTGTCCTACTGCAAGACCCTGAGCCCCGACGCGTACTACAGCGAGC 
333 V F Q R M L S Y C K T L S P D A Y Y S  E 352
GCGTGTTCAAGTTCAAGAACGCCCTGAGCCACAGCATCACGCTCGCGGGCAATGTGCTGC 
353 R V F K F K N A L S H S  I T L _ A  _V_ L_  372
AAGAGGGGTGGAAGGGCACGTGCGCCGAGGAAGACGCGCTGTGCGCATACGTAGCCTTCC 
373 Q E G W K G T C A E E D A L C A Y V A F  392
GCGCGTGGCAGTCTAACGCCAGGTTGGCGGGGATTATGAAAAGCGCGAAGTGCGCCGCCG 
393 R A W Q S N A R L A G I M K S A K C A A 4 I 2
ACTCTCTGAGCGTGGCCGGCTGGCTGGACACCATTTGGGACGCCATTAAGCGGTTCTTCG 
4 1 3 D S L S V A G W L D T I W D A I K R F F  432
172
GCAGCGTGCCCCTCGCCGAGCGCATGGAGGAGTGGGAACAGGACGCCGCGGTCGCCGCCT 
433 G S V P L A E R M E E W E Q D A A V A A  452
TCGACCGCGGCCCCCTCGAGGACGGCGGGCGCCACTTGGACACCGTGCAACCCCCAAAAT 
453 F D R G P L E D G G R H L D T V Q P P K  472
CGCCGCCCCGCCCTGAGATCGCCGCGACCTGGATCGTCCACGCAGCCAGCGCAGACCGCC 
473 S P P R P E I A A T W I V H A A S A D R  492
ATTGCGCGTGCGCTCCCCGCTGCGACGTCCCGCGCGAACGTCCTTCCGCGCCCGCCGGCC 
493 H C A C A P R C D V P R E R P S A P A G  512
CGCCGGATGACGAGGCGCTCATCCCGCCGTGGCTGTTCGCCGAGCGCCGTGCCCTCCGCT 
513 P P D D E A L  I P P W L F A E R R A L  R 532
GCCGCGAGTGGGATTTCGAGGCTCTCCGCGCGCGCGCCGATACGGCGGCCGCGCCCGCCC 
533 C R E W D F E A L R A R A D T A A A P A  552
CGCTGGCTCCACGCCCTGCGCGGTACCCCACCGTGCTCTACCGCCACCCCGCCCACCACG 
553 P L A P R P A R Y P T V L Y R H P  A H H  572
GTCCGTGGCTCACCCTTGACGAGCCGGGCGAGGCTGACGCGGCCCTGGTCTTATGCGACC 
573 G P W L T L D E P G E A D A A L V L C D  592
CACTTGGCCAGCCGCTCCGGGGCCCTGAACGCCACTTCGCCGCCGGCGCGCATATGTGCG 
593 P L G Q P  L R G P  E R H F A A G A H M C  612
CGCAGGCGCGGGGGCTCCAGGCTTTTGTCCGTGTCGTGCCTCCACCCGAGCGCCCCTGGG 
613 A Q A R G L Q A F V R V V P P  P E R P W 6 3 2
CCGACGGGGGCGCCAGAGCGTGGGCGAAGTTCTTCCGCGGCTGCGCCTGGGCGCAGCGCT 
633 A D G G A R A W A K  F F R G C A W A Q R 652
TGCTCGGCGAGCCAGCAGTTATGCACCTCCCATACACCGATGGCGACGTGCCACAGCTGA 
653 L L G E P A V M H L P Y T D G D V P Q L  672
TCGCACTGGCTTTACGCACGCTGGCCCAACAGGGGGCCGCCTTGGCACTCTCGGTGCGTG 
673 I A L A L R T  L A Q Q G A A L A L S V R  692
ACCTGCCCGGGGGTGCAGCGTTCGACGCAAACGCGGTCACCGCCGCCGTGCGCGCTGGCC 
693 D L P G G A A F D A N A V T A A V R A G 712
CCGGCCAGTCCGCGGCCACGTCACCGCCACCCGGCGACCCCCCGCCGCCGCGCCGCGCAC 
713 P G Q S A A T S P P P G D P P P P R R A  732
GGCGATCGC 2246 
7-'5-’ R R S 735
FIGURE 4.10.a Notes.
Tlie numbering of the nucleotide and amino acid sequence corresponds to that of Dominguez et al (1990). Amino acids 57 to 
267, underlined by a solid line, represent the putative methyltransferase domain reported by Rozanov et al. (1992). Amino acids 
247 to 376, underlined by a dashed line, represent the putative Y domain reported by Koonin et at. (1992). Amino acids 716 to 
735, underlined by a solid lino, represent part of the proline-rich hinge domain which extends to amino acid 782 in the Therien RV 
(Koonin et at., 1992).
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, 
glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, metliionine; N, asparagine; P, prolino; Q, glutamine; R, arginine; S, 
serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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FIGURE 4.10.b
NUCLEOTIDE AND DEDUCED AMINO ACID SEQUENCE OF THE SECOND PART
OF THE NONSTRUCTURAL PROTEIN CODING REGION OF CENDEHILL RV
2437 CAGGGCAGACCCAGACAGCGACATCGTTGAAAGTTACGCCCGCGCCGCCGGACCCGTGCA 
800 R A D P D S D I V E S Y A R A A  G P V H
CCTCCGAGTCCGCGACATCATGGACCCACCGCCCGGCTGCAAGGTCGTGGTCAACGCCGC 
820 L R V R D I M D P P P G C K V V V  N A A
CAACGAGGGGCTGCTGGCCGGCTCTGGCGTGTGCGGTGCCATCTTTGCCAACGCCACGGC 
840 N E G L L A G S G V C G A I  F A N A T A
GGCCCTCGCTGCAGACTGCCGGCGCCTCGCCCCATGCCCCACCGGCGAGGCAGTGGCGAC 
860 A L A  A D C R R L A P C P T G E A V A T
ACCCGGCCACGGCTGCGGGTACACCCACATCATCCACGCCGTCGCGCCGCGGCGTCCTCG 
380 P G H G C G Y T H I  I H A V A P R R P R
GGACCCCGCCGCCCTCGAGGAGGGCGAAGCGCTGCTCGAGCGCGCCTACCGCAGCATCGT 
900 D P A A L E .  E G E A L L E R A Y R S I V
CGCGCTAGCCGCCGCGCGTCGGTGGGCGTGTGTCGCGTGCCCCCTCCTCGGCGCTGGCGT 
920 A L A A A R R W A C V A C P L L G A G V
CTACGGCTGGTCTGCTGCGGAGTCCCTCCGAGCCGCGCTCGCGGCTACGCGCACCGAGCC 
940  Y G VI S A A E S L R A A L A A T R T E P
CGCCGAGCGCGTGAGCCTGCACATCTGCCACCCCGACCGCGCCACGCTGACGCACGCCTC 
960 A E R V S L H I  C H P D R A T L T H A S
CGTGCTCGTCGGCGCGGGGCTCGCTGCCAGGCGCGTCAGTCCTCCTCCGACCGAGCCCCT 
980 V L V G A G L A A R R V S P P P T E P L
CCCATCTTGCCCCGCCGGTGACCCGGGCCGACCGGCTCAGCGCAGCGCGTCGCCCCCAGC 
1000 P S C P A G D P G R P A Q R S A S P P A
GACCCCCCTTGGGGATGCCACCGCGCCCGAGCCCCGCGGATGCCAGGGGTGCGAACTCTG 
1020 T P L G D A T A P E P R G C Q G C E L C
CCGGTACACGCGCGTCACCAATGACCGCGCCTATGTCAACCTGTGGCTCGAGCGCGACCG 
1040 R Y T R V T N D R A Y V N L W L E R D R
CGGCGCCACCAGCTGGGCCATGCGCATTCCCGAGGTGGTTGTCTACGGGCCGGAGCACCT 
1060 G A T S W A M R I P E V V V Y G P E H L
CGCCACGCATTTTCCATTAAACCACTACAGTGTGCTCAAGCCCGCGGAGGTCAGGCCCCC 
1080 A T H F P L N H Y S V L K P A E V R P P
GCGAGGCATGTGCGGGAGTGACATGTGGCGCTGCCGCGGCTGGCAGGGCATGCCGCAGGT 
noo R G M C G S D M W  C__ R_  G_  W Q G M P Q V
GCGGTGCACCCCCTCCAACGCTCACGCCGCCCTGTGCCGCACAGGCGTGCCCCCTCGGGT 
1120 R C T P S N A H A A L C R T G V P P R V
GAGCACGCGAGGCGGCGAGCTAGACCCAAACACCTGCTGGCTCCGCGCCGCCGCCAACGT 
I |.|o S T R G G E L D P N T C W  _L R A A A N V
TGCGCAGGCTGCGCGCGCCTGCGGCGCCTACACGAGTGCCGGGTGCCCCAAGTGCGCCTA 
1160 A Q A A R A C G A Y T S A G C P K C A Y
CGGCCGCGCCCTTGGCGAAGCCCGCACTCATGAGGACTTCGCCGCGCTGAGCCAGCGGTG 
1180 G R A L G E A R T H E D F A A L S Q R W
GAGCGCGAGCCACGCCGATGCCTCCCCTGACGGCACCGGAGATCCCCTCGACCCCCTGAT 
1200  S A S H A D A S P D G  . T G D P L D P L M
GGAGACCGTGGGATGCGCCTGTTCGCGCGTGTGGGTCGGCTCCGAGCACGAGGCCCCGCC 
1220 E T V G C A C S R V W V G S E H E A P P
819
839
859
879
899
919
939
959
979
999
1019
1039
1059
1079
1099
1119
1139
1159
1179
I 199
1219
1239
174
FIGURE 4.10.b continued
CGACCACCTCCTGGTGTCCCTCCACCGTGCCCCCAATGGTCCGTGGGGCGTAGTGCTCGA 
1240 D H L L V S L H R  A P N G _P_ W G V V L E 1259
GGTGCGTGCGCGCCCCGAGGGGGGCAACCCCACCGGCCACTTCGTCTGCGCGGTCGGCGG 
1260 V R A R P E G G N P T G H  F  V C A V G G1270
CGGCCCACGCCGCGTCTCGGACCGCCCCCACCTCTGGCTCGCGGTCCCCCTGTCTCGGGG 
1280 G P R R V S D R P H L W L A V P L S R G  1299
CGGTGGCACCTGTGCCGCGACCGACGAGGGGCTGGCCCAGGCGTACTACGACGACCTCGA 
1300 G G T C A A T D E G L A Q A Y Y D D L  E1319
GGTGCGCCGCCTCGGGGATGACGCCATGGCCCGGGCGGCCCTCGCATCAGTCCAACGCCC 
1320 V R R L G D D A M A R A A  L A S V Q R P 1339
TCGCAAAGGCCCTTACAATATCAGGGTATGGAACATGGCCGCAGGCGCTGGCAAGACTAC 
1340 R K G P Y N  I R V W K M A A G A G K T T 1359
CCGCATCCTCGCTGCCTTCACGCGCGAAGACCTTTACGTCTGCCCCACCAATGCGCTCCT 
1360 R I L A A F T R E D  L Y V C P T N A L L  1379
GCACGAGATCCAGGCCAAACTCCGCGCGCGCGATATCGACATCAAGAACGCCGCCACCTA 
1380 H E 1 Q A K L R A R D I D I K N A A T Y  1399
CGAGCGCGCGCTGACGAAACCGCTCGCCGCCTACCGCCGCATCTACATCGATGAGGCGTT 
1400 E R A L T K P L A A Y R R I Y I D E A  F1419
CACTCTCGGCGGCGAGTACTGCGCGTTCGTTGCCAGCCAAACCACCGCGGAGGTGATCTG 
1420 T L G G E Y C A F  V A S Q T T A E V I C  1439
CGTCGGTGATCGGGACCAGTGCGGCCCACACTACGCCAATAACTGCCGCACCCCCGTCCC 
1440 V G D R D Q C G P H Y A N N C R T P V P  1459
TGACCGCTGGCCTACCGAGCGCTCACGCCACACTTGGCGCTTCCCCGACTGCTGGGCGGC 
1460 D R W P T E R S R H T W R F P D C W A A  1479
CCGCCTGCGCGCGGGGCTCGATTATGACATCGAGGGCGAGCGCACCGGCACCTTCGCCTG 
1480. R L R A G L D Y D I  E G E R T G T F A C 1400
CAACCTTTGGGACGGCCGCCAGGTCGACCTTCACCTCGCCTTCTCGCGCGAAACCGTGCG 
1500 N L W D G R Q V  D L H L A F S R E T  V R1510
CCGCCTTCACGAGGCTGGCATACGCGCATACACCGTGCGCGAGGCCCAGGGTATGAGCGT 
1520 R L H E A G I R A Y T V R E A Q G M S V  1530
CGGCACCGCCTGCATCCATGTAGGCAGAGACGGCACGGACGTTGCCCTGGCGCTGACACG 
1540 G T A C I H V G R D G T D V A L  A L T R 1550
CGACCTCGCCATCGTCAGCCTGACCCGGGCCTCCGACGCACTCTACCTCCACGAGCTCGA 
■560 D L A I V S L T R A S D A L  Y L H E L E 1570
GGACGGCTCACTGCGCGCTGCGGGGCTCAGCGCGTTCCTCGACGCCGGGGCACTGGCGGA 
1580 D G S L R A A G L S A F L D A G A L A E  1500
GCTCAAGGAGGTTCCCGCTGGCATTGACCGCGTTGTCGCCGTCGAGCAGGCACCACCACC 
1600 L K E V  P A G  I D R V V  A V E Q A P  P PI610
GTTGCCGCCCGCCGACGGCATCCCCGAGGCCCAAGACGTGCCGCCCTTCTGCCCCCGCAC 
1620 L P P A D G I  P E A Q D V P P F C P R T  1630
TCTGGAGGAGCTCGTCTTCGGCCGTGCCGGCCACCCCCATTACGCGGACCTCAACCGCGT 
1640 L E E L V F G R A G H P H Y A D L N R V  1650
GACTGAGGGCGAACGAGAAGTGCGGTACATGCGCATCTCGCGTCACCTGCTCAACAAGAA 
1660 T E G E R E V R Y M R I S R H L L N K N  1679
175
FIGURE 4.10.b conUnued
TCACACCGAGATGCCCGGAACGGAACGCGTTCTCAGTGCCGTTTGCGCCGTGCGGCGCTA 
1680 H T E M P G T E R V L S A V C A V R R Y  1699
CCGCGCGGGCGAGGATGGGTCGACCCTCCGCACTGCTGTGGCCCGCCAGCACCCGCGCCC 
1700 R A G E D G S T L R T A V A R Q H P R  P 1719
TTTCCGCCAGATCCCACCCCCGCGCGTCACTGCTGGGGTCGCCCAGGAGTGGCGCATGAC 
1720 F R Q I  P P P R V T A G V A Q E W R M T  1739
GTACTTGCGGGAACGGATCGACCTCACTGATGTCTACACGCAGATGGGCGTGGCCGCGCG 
1740 Y L R E R I  D L T D V Y T Q M G V A A R  1759
GGAGCTCACCGACCGCTACGCGCGCCGCTATCCTGAGATCTTCGCCGGCATGTGTACCGC 
1760 E L T D R Y A R R Y P E I F A G M C T  A 1779
CCAGAGCCTGAGCGTCCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT 
1780 Q S L S V P A F L K A T L K C V D A A  L 1799
CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCCTTGAGATCCG 
1800 G P R D T E D C H A A Q G K A G L E I R  1819
GGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCATTTCCGCGCGATCCAGAAGAT 
1820 A W A K E W V Q V M S P H F R A I Q K I  1839
CATCATGCGCGCCTTGCGCCCGCAATTCCTTGTGGCCGCTGGCCATACGGAGCCCGAGGT 
1840 I M R A L R P Q F L V A A G H T E P E V  1859
CGATGCGTGGTGGCAGGCTCATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTT 
I860 D A W W Q A H Y T T N A I E V D F T E F  1879
CGACATGAACCAGACCCTCGCTACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT 
1880 D M N Q T L A T R D V E L E I S A A L L  1899
GGGCCTCCCTTGCGCCGAAGACTACCGCGCGCTCCGCGCCGGCAGCTACTGCACCCTGCG 
1900 G L P C A E D Y R A L R A G S Y C T L R  1919
CGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGCGGCGAGCCCGCCACGCTGCT 
1920 E L G S T E T G C E R T S G E P A T L L  1939
GCACAACACCACCGTGGCCATGTGCATGGCCATGCGCATGGTCCCCAAAGGCGTGCGCTG 
1940 H N T T V A M C M A M R M V P K G V R W  1959
GGCCGGGATTTTCCAGGGTGACGATATGGTCATCTTCCTCCCCGAGGGCGCGTGCAGTGC 
I960 A G I F Q G D D M V I F L P E G A C S A  1979
GGCACTCAAGTGGACCCCCGCCGAGGTGGGCTTGTTTGGCTTCCACATCCCGGTGAAGCA 
1980 A L K W T P A E V G L F G F H I  P V K H  1999
TGTGAGCACCCCTACCCCCAGCTTCTGCGGGCACGTCGGCACCGCGGCCGGCCTCTTCCA 
2000 V S T P T P S F C G H V G T A A G L F H  2019
TGATGTCATGCACCAGGCGATCAAGGTGCTTTGCCGCCGTTTCGACCCAGACGTGCTTGA 
2020 D V M H Q  A I K V L C R R F D P D V L E  2039
AGAACAGCAGGTGGCCCTCCTCGACCGCCTCCGGGGGGTCTACGCGGCTCTGCCTGACAC 
2040 E Q Q V A L L D R L R G V Y A A L P D T  2059
CGTTGCCGCCAATGCTGCGTACTACGACTACAGCGCGGAGCGCGTCCTCGCTATCGTGCG 
2060 V A A N A A Y Y D  Y S A E R V L A I V R  2079
CGAACTTACCGCGTACGCGGGGGCGCGGCCTCGACCACCCGGCCACCATCGGCGCGCTCG 
2080 E L T A Y A G A R P R P P G H H R R A R  2099
AGGAGATTCAGACCCCCTACGCGCGCGCCAATCTCCACGACGCTGACTAACGCCCCTGTA 
2100 G D S D P L R A R Q S P R R * L T P L Y  2119
176
CGTGGGGCCTTTAATCTTACCTACTCTAACCAGGTCATCACCCACCGTTGTTTCGCCGCA
2120 V G P L I  L P T L T R S S P T V V S P H  2139
TCTGGTGGGTACCCAACTTTTGCCATTCGGGAGAGCCCCAGGGTGCCCGAATGGCTTCTA 
2140 L V G T Q L L P F G R A P G C P N G F Y  2159
CTACCCCCATCACCATGGAGGACCTCCAGAAGGCCCTCGAGGCACAATCCCGCGCCCTGC 
2160 Y P H H H G G P  P E G P  R G T  I P R P A 2 1 7 9
GCGCGGAACTCGCCGCCGGCGCCTCGCAGTCGCGCCGGCCGCGGCCGCCGCGACAGCGCG 
2180 R G T R R R R L A V A P A A A A A T  A R 2199
ACTCCAGCACCTCCGGAGATGACTCCGGCCGTGACTCCGGAGGGCCCCGCCGCCGCCGCG 
2200 L Q H L R R *  * 2205
GCAACCGGGG 6706
FIGURE 4.10.b Notes.
The numbering of the nucleotide and amino acid sequence corresponds to that of Dominguez et at (1990). Amino acids 816 to 
985, underlined by a solid line, represent the putative X domain reported by Koonin et al.{1992). Amino acids 1109 to 1274, 
underlined by a dashed line, represent the putative papain-like protease domain reported by Koonin et at. (1992). Amino acids 
1333 to 1585, underlined by a solid line, represent the putative RNA heKcase domain reported by Koonin et a/.(1992). Amino 
acids 1594 to 2111, underlined by a dashed line, represent the putative RNA-dependent RNA polymerase domain reported by 
Koonin et al. (1992). Nucleotides 6384 to 6413 (amino acids 2115 to 2124), underlined by a solid line, share homology with a 
stretch of highly conserved nucleotides at the atphavirus subgenomic RNA synthesis start site (Dominguez et at., 1990). There 
are tliree stop codons at positions 6380, 6656 and 6668, each denoted by * , It is not known at which of these, the nonstructural 
ORF terminates at, but for the purpose of comparison witli the Therien strain, those amino acids coded for beyond the Qrst stop codon are shown.
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic add; F, phenylalanine; G, 
glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, prolino; Q, glutamine; R, arginine; S, 
serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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COMPARISON OF THOMAS. THERIEN AND CENDEHILL RV 
NUCLEOTIDE SEQUENCES OF THE FTRST PART OF THE NONSTRUCTURAL 
PROTEIN CODING REGION
18 67
tho CCTCGCTTAGGACTCCTTTTCCCATGGAGAAACTCCTAGATGAGGTTCTT
the CCTCGCTTAGGACTCCCATTCCCATGGAGAAACTCCTAGATGAGGTTCTT
cen CCTCGCTTAGGACTCCTATCCCCATGGAGAAACTCCTAGATGAGGTTCTT**************** * ******************************
68 117
tho GCCCCCGGTGGGCCTTACAACTTAACCGTCGGCAGTTGGGTAAGAGACCA
the GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA
cen GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA***************** ********************************
118 167
tho CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
the CGTCCGATCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
cen CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG****** *******************************************
168 217
tho CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
the CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
cen CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG*********************************** ***************
218 267
tho CAGATGCAGGTTAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
the CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
cen CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC*********** **************************************
268 317
tho CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
the CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
cen CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
318 367
tho TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
the TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
cen TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC**************************************************
368 417
tho TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
the TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
cen TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT**************************************************
418 467
tho GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
the GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
cen GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC**************************************************
468 517
tho GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
the GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
cen GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC**************************************************
518 567
tho GGCGGTCGCGCCGTGGCGGACAGATGCTTGCTCTACTACACACCCATGCA
the GGCGGTCGCGCCGTGGCGGACAGATGCTTGCTCTACTACACACCCATGCA
cen GGCGGTCGCGCCGTGGCGGACAGATGCTTGCTCTACTACACACCCATGCA***************************************************
568 617
tho GATGTGCGAGCTGATGCGTACCATTGACGCCACCTTGCTCGTGGCGGTTG
the GATGTGCGAGCTGATGCGTACCATTGACGCCACCCTGCTCGTGGCGGTTG
cen GATGTGCGAGCTGATGCGTACCATTGACGCCACCCTGCTCGTGGCGGTTG********************************** ***************
618 667
tho ACTTGTGGCCGGTCGCCCTTGCGGCCCACGTCCGCGATGACTGGGACGAC
the ACTTGTGGCCGGTCGCCCTTGCGGCCCACGTCGGCGACGACTGGGACGAC
cen ACTTGTGGCCGGTCGCCCTTGCGGCCCACGTCGGCGACGACTGGGACGAC******************************** **** ************
668 ' 717
tho CTGGGCATTGCCTGGCATCTCGACCATGATGGCGGTTGCCCCGCCGATTG
the CTGGGCATTGCCTGGCATCTCGACCATGACGGCGGTTGCCCCGCCGATTG
cen CTGGGCATTGCCTGGCATCTCGACCACGACGGCGGTTGCCCCGCCGATTG************************** ** ********************
tho CCGCGGAGCCGGCGCTGGGCCCACGCCCGGCTACACCCGCCCCTGCACCA
the CCGCGGAGCCGGCGCT.GGGCCCACGCCCGGCTACACCCGCCCCTGCACCA
cen CCGCGGAGCCGGCGCTGGGCCCACGCCCGGCTACACCCGCCCCTGCACCA
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
768 817
tho CACGCATCTACCAAGTCCTGCCGGACACCGCCCACCCCGGGCGCCTCTAC
the CACGCATCTACCAAGTCCTGCCGGACACCGCCCACCCCGGGCGCCTCTAC
con CACGCATCTACCAAGTCCTGCCGGACACCGCCCACCCCGGGCGCCTCTAC
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
81S 867
tho CGGTGCGGGCCCCGCCTGTGGACGCGCGATTGCGCCGTGGCCGAACTCTC
the CGGTGCGGGCCCCGCCTGTGGACGCGCGATTGCGCCGTGGCCGAACTCTC
cen CGGTGCGGGCCCCGCCTGTGGACGCGCGATTGCGCCGTGGCCGAACTCTC
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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FIGURE 4.11.a continued
868 917
tho ATGGGAGGTTGCCCAACACTGCGGGCACCAGGCGCGCGTGCGCGCCGTGC
the ATGGGAGGTTGCCCAACACTGCGGGCACCAGGCGCGCGTGCGCGCCGTGC
cen ATGGGAGGTTGCCCAACACTGCGGGCACCAGGCGCGCGTGCGCGCCGTGC**************************************************
918 967
tho GGTGCACCCTCCCTATCCGCCACGTGCGCAGCCTCCAACCCAGCGCGCGG
the GATGCACCCTCCCTATCCGCCACGTGCGCAGCCTCCAACCCAGCGCGCGG
cen GATGCACCCTCCCTATCCGCCACGTGCGCAGCCTCCAACCCAGCGCGCGG* ************************************************
968 1017
tho GTCCGACTCCCGGACCTCGTCCATCTCGCCGAGGTGGGCCGGTGGCGGTG
the GTCCGACTCCCGGACCTCGTCCATCTCGCCGAGGTGGGCCGGTGGCGGTG
cen GTCCGACTCCCGGACCTCGTCCATCTCGCCGAGGTGGGCCGGTGGCGGTG**************************************************
1018 1067
tho GTTCAGCCTCCCCCGCCCCGTGTTCCAGCGCATGCTGTCCTACTGCAAGA
the GTTCAGCCTCCCCCGCCCCGTGTTCCAGCGCATGCTGTCCTAOTGCAAGA
cen GTTCAGCCTCCCCCGCCCCGTGTTCCAGCGCATGCTGTCCTACTGCAAGA************************************************** 
1068 1117
tho CCCTGAGCCCCGACGCGTACTACAGCGAGCGCGTGTTCAAGTTCAAGAAC
the CCCTGAGCCCCGACGCGTACTACAGCGAGCGCGTGTTCAAGTTCAAGAAC
cen CCCTGAGCCCCGACGCGTACTACAGCGAGCGCGTGTTCAAGTTCAAGAAC
A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  A * * * * * * * * * * * * * * * * *
ms 1167
tho GCCCTGAGCCACAGCATCACGCTCGCGGGCAATGTGCTGCAGGAGGGGTG
the GCCCTGTGCCACAGCATCACGCTCGCGGGCAATGTGCTGCAAGAGGGGTG
cen GCCCTGAGCCACAGCATCACGCTCGCGGGCAATGTGCTGCAAGAGGGGTG****** ********************************** ********
1168 1217
tho GAAGGGCACGTGCGCCGAGGAAGACGCGCTGTGCGCATACGTAGCCTTCC
the GAAGGGCACGTGCGCCGAGGAAGACGCGCTGTGCGCATACGTAGCCTTCC
cen GAAGGGCACGTGCGCCGAGGAAGACGCGCTGTGCGCATACGTAGCCTTCC**************************************************
1218 1267
tho GCGCGTGGCAGTCTAACGCCAGGCTGGCGGGGATTATGAAAAGCGCGAAG
the GCGCGTGGCAGTCTAACGCCAGGTTGGCGGGGATTATGAAAGGCGCGAAG
cen GCGCGTGGCAGTCTAACGCCAGGTTGGCGGGGATTATGAAAAGCGCGAAG*********************** ***************** ********
1268 1317
tho TGCGCCGCCGACTCTTTGAGCGTGGCCGGCTGGTTGGACACCATCTGGGA
the TGCGCCGCCGACTCTTTGAGCGTGGCCGGCTGGCTGGACACCATTTGGGA
cen TGCGCCGCCGACTCTCTGAGCGTGGCCGGCTGGCTGGACACCATTTGGGA*************** ***************** ********** * * * * *  
1318 1367
tho CGCCATTAAGCGGTTGTTCGGCAGTGTGCCCCTCGCCGAGCGCATGGAGG
the CGCCATTAAGCGGTTCCTCGGTAGCGTGCCCCTCGCCGAGCGCATGGAGG
cen CGCCATTAAGCGGTTCTTCGGCAGCGTGCCCCTCGCCGAGCGCATGGAGG**************** **** ** *************************
1368 . (417
t h o  A G T G G G A A C A G G A C G C C G C G G T C G C C G C C T T C G A C C G C G G C C C C C T C G A G
t h e  A G T G G G A A C A G G A C G C C G C G G T C G C C G C C T T C G A C C G C G G C C C C C T C G A G
c e n  A G T G G G A A C A G G A C G C C G C G G T C G C C G C C T T C G A C C G C G G C C C C C T C G A G**************************************************
. , 1418 14(,7
t h e  G A C G G C G G G C G C C A C T T G G A C A C C G T G C A A C C C C C A A A A T C G C C G C C C C G
t h e  G A C G G C G G G C G C C A C T T G G A C A C C G T G C A A C C C C C A A A A T C G C C G C C C C G
c e n  g a c g g c g g g c g c c a c t t g g a c a c c g t g c a a c c c c c a a a a t c g c c g c c c c g
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1468 1517
t h o  C C C T G A G A T C G C C G C G A C C T G G A T C G T C C A C G C A G C C A G C G C A G A C C G C C
t h e  C C C T G A G A T C G C C G C G A C C T G G A T C G T C C A C G C A G C C A G C G A A G A C C G C C
c e n  C C C T G A G A T C G C C G C G A C C T G G A T C G T C C A C G C A G C C A G C G C A G A C C G C C***************************************** ********
1518 1567
t h o  A T T G T G C G T G C G C T C C C C G C T G C G A C G T C C C G C G C G A A C G T C C T T C C G C G
t h e  A T T G C G C G T G C G C T C C C C G C T G C G A C G T C C C G C G C G A A C G T C C T T C C G C G
c e n  A T T G C G C G T G C G C T C C C C G C T G C G A C G T C C C G C G C G A A C G T C C T T C C G C G
* * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1568 1617
t h o  C C C G C C G G C C C G C C G G A T G A C G A G G C G C T C A T C C C G C C G T G G C T G T T C G C
t h e  C C C G C C G G C C A G C C G G A T G A C G A G G C G C T C A T C C C G C C G T G G C T G T T C G C
c e n  C C C G C C G G C C C G C C G G A T G A C G A G G C G C T C A T C C C G C C G T G G C T G T T C G C********** ***************************************
1618 1667 
t h o  C G A G C G C C G T G C C C T C C G C T G C C G C G A G T G G G A T T T C G A G G C T C T C C G C G
t h e  C G A G C G C C G T G C C C T C C G C T G C C G C G A G T G G G A T T T C G A G G C T C T C C G C G
c e n  C G A G C G C C G T G C C C T C C G C T G C C G C G A G T G G G A T T T C G A G G C T C T C C G C G
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1668 17,7 
C G C G C G C C G A T A C G G C G G C C G C G C C C G C C C C G C T G G C T C C A C G C C C T G C G  
C G C G C G C C G A T A C G G C G G C C G C G C C C G C C C C G C C G G C T C C A C G C C C C G C G  
C G C G C G C C G A T A C G G C G G C C G C G C C C G C C C C G C T G G C T C C A C G C C C T G C G  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * *  * * *
tho
the
cen
179
1718 1767
tho CGGTACCCCACCGTGCTCTACCGCCACCCCGCCCACCACGGTCCGTGGCT
the CGGTACCCCACCGTGCTCTACCGCCACCCCGCCCACCACGGCCCGTGGCT
cen CGGTACCCCACCGTGCTCTACCGCCACCCCGCCCACCACGGTCCGTGGCT***************************************** ********
176S 1817
tho CACCCTTGACGAGCCGGGCGAGGCTGACGCGGCCCTGGTCTTATGCGACC
the CACCCTTGACGAGCCGGGCGAGGCTGACGCGGCCCTGGTCTTATGCGACC
cen CACCCTTGACGAGCCGGGCGAGGCTGACGCGGCCCTGGTCTTATGCGACC**************************************************
1818 1867
tho CACTTGGCCAGCCGCTCCGGGGCCCCGAACGCCACTTCGCCGCCGGCGCG
the CACTTGGCCAGCCGCTCCGGGGCCCTGAACGCCACTTCGCCGCCGGCGCG
cen CACTTGGCCAGCCGCTCCGGGGCCCTGAACGCCACTTCGCCGCCGGCGCG************************* ************************
1868 1917
tho CATATGTGCGCGCAGGCGCGGGGGCTCCAGGCTTTTGTCCGCGTCGTGCC
the CATATGTGCGCGCAGGCGCGGGGGCTCCAGGCTTTTGTCCGTGTCGTGCC
cen CATATGTGCGCGCAGGCGCGGGGGCTCCAGGCTTTTGTCCGTGTCGTGCC******************************************* ********
1918 1967
t h o  T C C A C C C G A G C G C C C C T G G G C C G A C G G G G G C G C C A G A G C G T G G G C G A A G T
t h e  T C C A C C C G A G C G C C C C T G G G C C G A C G G G G G C G C C A G A G C G T G G G C G A A G T
c e n  T C C A C C C G A G C G C C C C T G G G C C G A C G G G G G C G C C A G A G C G T G G G C G A A G T**************************************************
I96S 2017
t h o  T C T T C C G C G G C T G C G C C T G G G C G C A G C G C T T G C T C G G C G A G C C G G C A G T C
t h e  T C T T C C G C G G C T G C G C C T G G G C G C A G C G C T T G C T C G G C G A G C C A G C A G T T
c e n  T C T T C C G C G G C T G C G C C T G G G C G C A G C G C T T G C T C G G C G A G C C A G C A G T T******************************************* *****
2018 2067
t h o  A T G C A C C T C C C A T A C A C C G A C G G C G A C G T G C C A C A G C T G A T C G C A C T G G C
t h e  A T G C A C C T C C C A T A C A C C G A T G G C G A C G T G C C A C A G C T G A T C G C A C T G G C
c e n  A T G C A C C T C C C A T A C A C C G A T G G C G A C G T G C C A C A G C T G A T C G C A C T G G C******************** *****************************
2068 2117
t h o  C T T G C G C A C G C T G G C C C A A C A G G G G G C C G C C T T G G C A C T C T C G G T G C G T G
t h e  T T T G C G C A C G C T G G C C C A A C A G G G G G C C G C C T T G G C A C T C T C G G T G C G T G
c e n  T T T A C G C A C G C T G G C C C A A C A G G G G G C C G C C T T G G C A C T C T C G G T G C G T G* * ******************************************* *~* * -
2118 2167
tho ACCTGCCCGGGGGTGCAGCGTTCGACGCAAATGCGGTCACCGCCGCCGTG
the ACCTGCCCGGGGGTGCAGCGTTCGACGCAAACGCGGTCACCGCCGCCGTG
cen ACCTGCCCGGGGGTGCAGCGTTCGACGCAAACGCGGTCACCGCCGCCGTG******************************* ******************
2168 2217
tho CGCGCTGGCCCCGGCCAGTCCGCGGCCACGTCACCGCCACCCGGCGACCC
the CGCGCTGGCCCCCGCCAGTCCGCGGCCGCGTCACCGCCACCCGGCGACCC
cen CGCGCTGGCCCCGGCCAGTCCGCGGCCACGTCACCGCCACCCGGCGACCC
k k k k k * * ★ k k k k k k kkkkk k k ifc k * Vk k k k k k k k k k k k k k k k k k k k k k k k
22IS 2246
tho CCCGCCGCCGCGCCGCGCACGGCGATCGC
the CCCGCCGCCGCGCCGCGCACGGCGATCGC
cen CCCGCCGCCGCGCCGCGCACGGCGATCGC*****************************
FIGURE 4.1.a Notes.
Nucleotides are numbered according to Dominguez et a/.(1990). Nucleotides 18 to 2246 of Thomas (tho), Therien 
(the) and Cendehill (cen) RV nonstructural protein coding regions are compared. In the bottom line of each aligned 
row of nucleotides, identical nucleotides are indicated by * and nucleotide differences by a gap.
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FIGURE 4.11.b 
COMPARISON OF THOMAS. THERIEN AND CENDEHILL RV 
NUCLEOTIDE SEQUENCES OF THE SECOND PART OF THE NONSTRUCTURAL 
PROTEIN CODING REGION
2437 2486
tho CAAGGCAGACCCAGACAGCGACATCGTTGAAAGTTACGCCCGCGCCGCCG
the CAGGGCAGACCCAGACAGCGACATCGTTGAAAGTTACGCCCGCGCCGCCG
cen CAGGGCAGACCCAGACAGCGACATCGTTGAAAGTTACGCCCGCGCCGCCG** ***********************************************
2487 2536
tho GCCCCGTGCACCTCCGAGTCCGCGACATCATGGACCCACCGCCCGGCTGC
the GACCCGTGCACCTCCGAGTCCGCGACATCATGGACCCACCGCCCGGCTGC
cen GACCCGTGCACCTCCGAGTCCGCGACATCATGGACCCACCGCCCGGCTGC* ************************************************
2537 2586
tho AAGGTCGTGGTCAACGCCGCCAACGAGGGGCTGCTGGCCGGCTCTGGCGT
the AAGGTCGTGGTCAACGCCGCCAACGAGGGGCTACTGGCCGGCTCTGGCGT
cen AAGGTCGTGGTCAACGCCGCCAACGAGGGGCTGCTGGCCGGCTCTGGCGT******************************** *****************
2587 . 2636
tho GTGCGGTGCCATCTTTGCCAACGCCACGGCGGCCCTCGCTGCAGACTGCC
the GTGCGGTGCCATCTTTGCCAACGCCACGGCGGCCCTCGCTGCAAACTGCC
cen GTGCGGTGCCATCTTTGCCAACGCCACGGCGGCCCTCGCTGCAGACTGCC******************************************* ******
2637 2686
tho GGCGCCTCGCCCCATGCCCCACCGGCGAGGCAGTGGCGACACCCGGCCAC
the GGCGCCTCGCCCCATGCCCCACCGGCGAGGCAGTGGCGACACCCGGCCAC
cen GGCGCCTCGCCCCATGCCCCACCGGCGAGGCAGTGGCGACACCCGGCCAC**************************************************
2687 2736
tho GGCTGCGGGTACACCCACATCATCCACGCCGTCGCGCCGCGGCGCCCCCG
the GGCTGCGGGTACACCCACATCATCCACGCCGTCGCGCCGCGGCGTCCTCG
cen GGCTGCGGGTACACCCACATCATCCACGCCGTCGCGCCGCGGCGTCCTCG******************************************** ** **
2737 2786
tho GGACCCCGCCGCCCTCGAGGAGGGCGAAGCGCTGCTCGAGCGCGCCTACC
the GGACCCCGCCGCCCTCGAGGAGGGCGAAGCGCTGCTCGAGCGCGCCTACC
cen GGACCCCGCCGCCCTCGAGGAGGGCGAAGCGCTGCTCGAGCGCGCCTACC**************************************************
2787 2836
tho GCAGCATCGTCGCGCTAGCCGCCGCGCGTCGGTGGGCGTGCGTCGCGTGC
the GCAGCATCGTCGCGCTAGCCGCCGCGCGTCGGTGGGCGTGTGTCGCGTGC
cen GCAGCATCGTCGCGCTAGCCGCCGCGCGTCGGTGGGCGTGTGTCGCGTGC**************************************** *********
2837 2886
tho CCCCTCCTCGGCGCTGGCGTCTACGGCTGGTCTGCTGCGGAGTCCCTCCG
the CCCCTCCTCGGCGCTGGCGTCTACGGCTGGTCTGCTGCGGAGTCCCTCCG
cen CCCCTCCTCGGCGCTGGCGTCTACGGCTGGTCTGCTGCGGAGTCCCTCCG**************************************************
2887 2936
tho AGCCGCGCTCGCGGCTACGCGCGCCGAGCCCGTCGAGCGCGTGAGCCTGC
the AGCCGCGCTCGCGGCTACGCGCACCGAGCCCGTCGAGCGCGTGAGCCTGC
cen AGCCGCGCTCGCGGCTACGCGCACCGAGCCCGCCGAGCGCGTGAGCCTGC********************** ********* *****************
2937 2986
tho ACATCTGCCACCCCGACCGCGCCACGCTGACGCACGCCTCCGTGCTCGTC
the ACATCTGCCACCCCGACCGCGCCACGCTGACGCACGCCTCCGTGCTCGTC
cen ACATCTGCCACCCCGACCGCGCCACGCTGACGCACGCCTCCGTGCTCGTC**************************************************
2987 3036
tho GGCGCGGGGCTCGCTGCCAGGCGCGTCAGTCCTCCTCCGACCGAGCCCCT
the GGCGCGGGGCTCGCTGCCAGGCGCGTCAGTCCTCCTCCGACCGAGCCCCT
cen GGCGCGGGGCTCGCTGCCAGGCGCGTCAGTCCTCCTCCGACCGAGCCCCT
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
3037 3086
tho CGCATCTCGCCCCGCCGGTGACCCGGGCCGACCGGCTCAGCGCAGCGCGT
the CGCATCTTGCCCCGCCGGTGACCCGGGCCGACCGGCTCAGCGCAGCGCGT
cen CCCATCTTGCCCCGCCGGTGACCCGGGCCGACCGGCTCAGCGCAGCGCGT
*  kkkkk kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
3087 3136
tho CGCCCCCAGCGACCCCCCTTGGGGATGCCACCGCGCCCGAGCCCCGCGGA
the CGCCCCCAGCGACCCCCCTTGGGGATGCCACCGCGCCCGAGCCCCGCGGA
cen CGCCCCCAGCGACCCCCCTTGGGGATGCCACCGCGCCCGAGCCCCGCGGA**************************************************
2137 3186
tho TGCCAGGGGTGCGAACTCTGCCGGTACACGCGCGTCACCAATGACCGCGC
the TGCCAGGGGTGCGAACTCTGCCGGTACACGCGCGTCACCAATGACCGCGC
cen tgccaggggtgcgaactctgccggtacacgcgcgtcaccaatgaccgcgc**************************************************
3187 3236
t h o  c t a t g t c a a c c t g t g g c t c g a g c g c g a c c g c g g c g c c a c c a g c t g g g c g a
t h e  c t a t g t c a a c c t g t g g c t c g a g c g c g a c c g c g g c g c c a c c a g c t g g g c c a
c e n  c t a t g t c a a c c t g t g g c t c g a g c g c g a c c g c g g c g c c a c c a g c t g g g c c a
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *
2237 3286
t h o  t g c g c a t t c c c g a g g t g g t t g t c t a c g g g c c g g a g c a c c t c g c c a c g c a t
t h e  t g c g c a t t c c c g a g g t g g t t g t c t a c g g g c c g g a g c a c c t c g c c a c g c a t
cen t g c g c a t t c c c g a g g t g g t t g t c t a c g g g c c g g a g c a c c t c g c c a c g c a t
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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3287 3336tho TTTCCATTAAACCACTACAGTGTGCTCAAGCCCGCGGAGGTCAGGCCCCCthe TTTCCATTAAACCACTACAGTGTGCTCAAGCCCGCGGAGGTCAGGCCCCCcen TTTCCATTAAACCACTACAGTGTGCTCAAGCCCGCGGAGGTCAGGCCCCC**************************************************
3337 3386tho GCGAGGCATGTGCGGGAGTGACATGTGGCGCTGCCGCGG.CTGGCAGGGCAthe GCGAGGCATGTGCGGGAGTGACATGTGGCGCTGCCGCGGCTGGCATGGCAcen GCGAGGCATGTGCGGGAGTGACATGTGGCGCTGCCGCGGCTGGCAGGGCA********************************************* ****
3387 3436tho CGCCGCAGGTGCGGTGCACCCCCTCCAACGCTCACGCCGCCCTGTGCCGCthe TGCCGCAGGTGCGGTGCACCCCCTCCAACGCTCACGCCGCCCTGTGCCGCcen TGCCGCAGGTGCGGTGCACCCCCTCCAACGCTCACGCCGCCCTGTGCCGC*************************************************
3437 3486tho ACAGGCGTGCCCCCTCGGGTGAGCACGCGAGGCGGCGAGCTAGACCCAAAthe ACAGGCGTGCCCCCTCGGGCGAGCACGCGAGGCGGCGAGCTAGACCCAAAcen ACAGGCGTGCCCCCTCGGGTGAGCACGCGAGGCGGCGAGCTAGACCCAAA******************* ******************************
3487 3536tho CACCTGCTGGCTCCGCGCCGCCGCCAACGTTGCGCAGGCTGCGCGCGCCTthe CACCTGCTGGCTCCGCGCCGCCGCCAACGTTGCGCAGGCTGCGCGCGCCTcen CACCTGCTGGCTCCGCGCCGCCGCCAACGTTGCGCAGGCTGCGCGCGCCT**************************************************
3537 3586tho GCGGCGCCTACACGAGTGCCGGGTGCCCCAAGTGCGCCTACGGCCGCGCCthe GCGGCGCCTACACGAGTGCCGGGTGCCCCAAGTGCGCCTACGGCCGCGCCcen GCGGCGCCTACACGAGTGCCGGGTGCCCCAAGTGCGCCTACGGCCGCGCC
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
3587 3636tho CTGAGCGAAGCCCGCACTCATGAGGACTTCGCCGCGCTGAGCCAACGGTGthe. CTGAGCGAAGCCCGCACTCATGAGGACTTCGCCGCGCTGAGCCAGCGGTGcen CTTGGCGAAGCCCGCACTCATGAGGACTTCGCCGCGCTGAGCCAGCGGTG** **************************************** ***** 
3637 3686tho GAGCGCGAGCCACGCCGATGCCTCCCCTGACGGCACCGGAGATCCCCTCGthe GAGCGCGAGCCACGCCGATGCCTCCCCTGACGGCACCGGAGATCCCCTCGcen GAGCGCGAGCCACGCCGATGCCTCCCCTGACGGCACCGGAGATCCCCTCG
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
3687 3736tho ACCCCCTGATGGAGACCGTGGGATGCGCCTGTTCGCGCGTGTGGGTCGGCthe ACCCCCTGATGGAGACCGTGGGATGCGCCTGTTCGCGCGTGTGGGTCGGCcen ACCCCCTGATGGAGACCGTGGGATGCGCCTGTTCGCGCGTGTGGGTCGGC**************************************************
3737 3786
tho TCCGAGCACGAGGCCCCGCCCGACCACCTCCTGGTGTCCCTCCACCGTGC
the TCCGAGCATGAGGCCCCGCCCGACCACCTCCTGGTGTCCCTTCACCGTGC
cen TCCGAGCACGAGGCCCCGCCCGACCACCTCCTGGTGTCCCTCCACCGTGC
***★***■* ik-k'k'k ic "k'k-k-k rk "k-k i;'k ie it "k i: "k y/c "kyt-k is 'k'k "kikieie ★ + + "k * ie ★ *
3787 3836
tho CCCCAATGGTCCGTGGGGCGTAGTGCTCGAGGTGCGTGCGCGCCCCGAGG
the CCCAAATGGTCCGTGGGGCGTAGTGCTCGAGGTGCGTGCGCGCCCCGAGG
cen CCCCAATGGTCCGTGGGGCGTAGTGCTCGAGGTGCGTGCGCGCCCCGAGG*** **********************************************
3837 3886
tho GGGGCAACCCCACCGGCCACTTCGTCTGCGCGGTCGGCGGCGGCCCACGC
the GGGGCAACCCCACCGGCCACTTCGTCTGCGCGGTCGGCGGCGGCCCACGC
cen GGGGCAACCCCACCGGCCACTTCGTCTGCGCGGTCGGCGGCGGCCCACGC**************************************************
3887 3936
tho CGCGTCTCAGACCGCCCCCACCTTTGGCTCGCGGTCCCCCTGTCTCGGGG
the CGCGTCTCGGACCGCCCCCACCTCTGGCTTGCGGTCCCCCTGTCTCGGGG
cen CGCGTCTCGGACCGCCCCCACCTCTGGCTCGCGGTCCCCCTGTCTCGGGG******** ************** ***** ********************
3937 3986
tho CGGTGGCACCTGTGCCGCGACCGACGAGGGGCTGGCCCAGGCGTACTACG
the CGGTGGCACCTGTGCCGCGACCGACGAGGGGCTGGCCCAGGCGTACTACG
cen CGGTGGCACCTGTGCCGCGACCGACGAGGGGCTGGGCCAGGCGTACTACG**************************************************
3987 . 4036
tho ACGACCTCGAGGTGCGCCGCCTCGGGGATGACGCCATGGCCCGGGCGGCC
the ACGACCTCGAGGTGCGCCGCCTCGGGGATGACGCCATGGCCCGGGCGGCC
cen ACGACCTCGAGGTGCGCCGCCTCGGGGATGACGCCATGGCCCGGGCGGCC**************************************************
4037 4086
tho CTCGCATCAGTCCAACGCCCTCGCAAAGGCCCCTACAATATCAGGGTATG
the CTCGCATCAGTCCAACGCCCTCGCAAAGGCCCTTACAATATCAGGGTATG
cen' CTCGCATCAGTCCAACGCCCTCGCAAAGGCCCTTACAATATCAGGGTATG
"k-k^-krk-k-kititic'k-k'k'k^k'k'k'k'k'k'k'k'k'k'k-k-k'k'k'k'k'k *****************
4087 4136
tho GAACATGGCCGCAGGCGCTGGCAAGACTACCCGCATCCTCGCTGCCTTCA
the. GAACATGGCCGCAGGCGCTGGCAAGACTACCCGCATCCTCGCTGCCTTCA
cen GAACATGGCCGCAGGCGCTGGCAAGACTACCCGCATCCTCGCTGCCTTCA**************************************************
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4137 4186
tho CGCGCGAAGACCTTTACGTCTGCCCCACCAATGCTCTCCTGCACGAGATC
the CGCGCGAAGACCTTTACGTCTGCCCCACCAATGCGCTCCTGCACGAGATC
cen CGCGCGAAGACCTTTACGTCTGCCCCACCAATGCGCTCCTGCACGAGATC********************* ************* ***************
4187 4236
tho CAGGCCAAACTCCGCGCGCGCGATATCGACATCAAGAACGCCGCCACCTA
the CAGGCCAAACTCCGCGCGCGCGATATCGACATCAAGAACGCCGCCACCTA
cen. CAGGCCAAACTCCGCGCGCGCGATATCGACATCAAGAACGCCGCCACCTA**************************************************
4237 4286
tho CGAGCGCGCGCTGACGAAACCGCTCGCCGCCTACCGCCGCATCTACATCG
the CGAGCGCCGGCTGACGAAACCGCTCGCCGCCTACCGCCGCATCTACATCG
cen CGAGCGCGCGCTGACGAAACCGCTCGCCGCCTACCGCCGCATCTACATCG******* *****************************************
4287 4336
tho ACGAGGCGTTCACTCTCGGCGGCGAGTACTGCGCGTTCGTTGCCAGCCAA
the ATGAGGCGTTCACTCTCGGCGGCGAGTACTGCGCGTTCGTTGCCAGCCAA
cen ATGAGGCGTTCACTCTCGGCGGCGAGTACTGCGCGTTCGTTGCCAGCCAA* ************************************************
4337 4386
tho ACCACCGCGGAGGTGATCTGCGTCGGTGATCGGGACCAGTGCGGCCCACA
the ACCACCGCGGAGGTGATCTGCGTCGGTGATCGGGACCAGTGCGGCCCACA'
cen ACCACCGCGGAGGTGATCTGCGTCGGTGATCGGGACCAGTGCGGCCCACA**************************************************
4387 4436
tho CTACGCCAATAACTGCCGCACCCCCGTCCCTGACCGCTGGCCTACCGAGC
the CTACGCCAATAACTGCCGCACCCCCGTCCCTGACCGCTGGCCTACCGAGC
cen CTACGCCAATAACTGCCGCACCCCCGTCCCTGACCGCTGGCCTACCGAGC**************************************************
4437 4486
tho GCTCACGCCACACTTGGCGCTTCCCCGACTGCTGGGCGGCCCGCCTGCGC
the GCTCGCGCCACACTTGGCGCTTCCCCGACTGCTGGGCGGCCCGCCTGCGC
cen GCTCACGCCACACTTGGCGCTTCCCCGACTGCTGGGCGGCCCGCCTGCGC**** *********************************************
4487 4536
tho GCGGGGCTCGATTATGACATCGAGGGCGAGCGCACCGGCACCTTCGCCTG
the GCGGGGCTCGATTATGACATCGAGGGCGAGCGCACCGGCACCTTCGCCTG
cen GCGGGGCTCGATTATGACATCGAGGGCGAGCGCACCGGCACCTTCGCCTG**************************************************
4537 4586
tho CAACCTTTGGGACGGCCGCCAGGTCGACCTTCACCTTGCCTTCTCGCGCG
the CAACCTTTGGGACGGCCGCCAGGTCGACCTTCACCTCGCCTTCTCGCGCG
cen CAACCTTTGGGACGGCCGCCAGGTCGACCTTCACCTCGCCTTCTCGCGCG************************************ *************
4587 4636
tho AAACCGTGCGCCGCCTTCACGAGGCTGGCATACGCGCATACACCGTGCGC
the AAACCGTGCGCCGCCTTCACGAGGCTGGCATACGCGCATACACCGTGCGC
cen AAACCGTGCGCCGCCTTCACGAGGCTGGCATACGCGCATACACCGTGCGC**************************************************
4637 4686
tho GAGGCCCAGGGTATGAGCGTCGGCACCGCCTGCATCCATGTAGGCAGAGA
the. GAGGCCCAGGGTATGAGCGTCGGCACCGCCTGCATCCATGTAGGCAGAGA
cen GAGGCCCAGGGTATGAGCGTCGGCACCGCCTGCATCCATGTAGGCAGAGA**************************************************
4687 4736
tho CGGCACGGACGTTGCCCTGGCGCTGACACGCGACCTCGCCATCGTCAGCC
the CGGCACGGACGTTGCCCTGGCGCTGACACGCGACCTCGCCATCGTCAGCC
cen CGGCACGGACGTTGCCCTGGCGCTGACACGCGACCTCGCCATCGTCAGCC**************************************************
4737 4786
tho TGACCCGGGCCTCCGACGCACTCTACCTCCACGAGCTCGAGGACGGCTCA
the TGACCCGGGCCTCCGACGCACTCTACCTCCACGAGCTCGAGGACGGCTCA
cen TGACCCGGGCCTCCGACGCACTCTACCTCCACGAGCTCGAGGACGGCTCA**************************************************
4787 4836
tho CTGCGCGCTGCGGGGCTCAGCGCGTTCCTCGACGCCGGGGCACTGGCGGA
the CTGCGCGCTGCGGGGCTCAGCGCGTTCCTCGACGCCGGGGCACTGGCGGA
cen CTGCGCGCTGCGGGGCTCAGCGCGTTCCTCGACGCCGGGGCACTGGCGGA**************************************************
4837 4886
tho GCTCAAGGAGGTTCCCGCTGGCATTGACCGCGTTGTCGCCGTCGAGCAGG
the GCTCAAGGAGGTTCCCGCTGGCATTGACCGCGTTGTCGCCGTCGAGCAGG
cen GCTCAAGGAGGTTCCCGCTGGCATTGACCGCGTTGTCGCCGTCGAGCAGG**************************************************
4887 4936
tho CACCACCACCGTTGCCGCCCGCCGACGGCATCCCCGAGGCCCAAGACGTG
the CACCACCACCGTTGCCGCCCGCCGACGGCATCCCCGAGGCCCAAGACGTG
cen CACCACCACCGTTGCCGCCCGCCGACGGCATCCCCGAGGCCCAAGACGTG**************************************************
4937 4986
tho CCGCCCTTCTGCCCCCGCACTCTGGAGGAGCTCGTCTTCGGCCGTGCCGG
the CCGCCCTTCTGCCCCCGCACTCTGGAGGAGCTCGTCTTCGGCCGTGCCGG
cen CCGCCCTTCTGCCCCCGCACTCTGGAGGAGCTCGTCTTCGGCCGTGCCGG**************************************************
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4987 5036
tho CCACCCCCATTACGCGGACCTCAACCGCGTGACGGAGGGCGAACGAGAAG
the ccacccccattacgcggacctcaaccgcgtgactgagggcgaacgagaag
cen ccacccccattacgcggacctcaaccgcgtgactgagggcgaacgagaagit******************************** ****************
5037 5086
tho tgcggtacatgcgcatctcgcgtcacctgctcaacaagaatcacaccgag
the TGCGGTACATGCGCATCTCGCGTCACCTGCTCAACAAGAATCACACCGAG
cen TGCGGTACATGCGCATCTCGCGTCACCTGCTCAACAAGAATCACACCGAG**************************************************
5087 5136
tho ATGCCCGGGACGGAACGCGTTCTCAGTGCCGTTTGCGCCGTGCGGCGCTA
the ATGCCCGGAACGGAACGCGTTCTCAGTGCCGTTTGCGCCGTGCGGCGCTA
cen ATGCCCGGAACGGAACGCGTTCTCAGTGCCGTTTGCGCCGTGCGGCGCTA******** *****************************************
5137 5186
tho CCGCGCGGGCGAGGATGGGTCGACCCTCCGCACTGCTGTGGCCCGCCAGC
the. CCGCGCGGGCGAGGATGGGTCGACCCTCCGCACTGCTGTGGCCCGCCAGC
cen CCGCGCGGGCGAGGATGGGTCGACCCTCCGCACTGCTGTGGCCCGCCAGC**************************************************
5187 5236
tho ACCCGCGCCCTTTCCGCCAGATCCCACCCCCGCGCGTCACTGCTGGGGTC
the ACCCGCGCCCTTTTCGCCAGATCCCACCCCCGCGCGTCACTGCTGGGGTC
cen ACCCGCGCCCTTTCCGCCAGATCCCACCCCCGCGCGTCACTGCTGGGGTC
-k'k-k'k'k'k’k-k'k'kkk'k •k'k'k-k-k-kk'kkk'kk'k'kkk'kk'k'k-k'k'kk'k'kk-k'k'k'k'k-kk'k'k
5237 5286
t h o  G C C C A G G A G T G G C G C A T G A C G T A C T T G C G G G A A C G G A T C G A C C T C A C T G A
t h e  G C C C A G G A G T G G C G C A T G A C G T A C T T G C G G G A A C G G A T C G A C C T C A C T G A
cen G C C C A G G A G T G G C G C A T G A C G T A C T T G C G G G A A C G G A T C G A C C T C A C T G A
5287 5336
tho TGTCTACACGCAGATGGGCGTAGCCGCGCGGGAGCTCACCGACCGCTACG
the TGTCTACACGCAGATGGGCGTGGCCGCGCGGGAGCTCACCGACCGCTACG
cen TGTCTACACGCAGATGGGCGTGGCCGCGCGGGAGCTCACCGACCGCTACG
kk-k'k'k-kk'kk'k'k'k'k'kk'k-kkkk-k ■k'k'k'k'k-k'k'k'k'k-k'k'k'k'k'k'kk'k'kk'k'k'k-k'k
5337 5386
tho CGCGCCGCTATCCTGAGATCTTCGCCGGCATGTGTACCGCCCAGAGCCTG
the CGCGCCGCTATCCTGAGATCTTCGCCGGCATGTGTACCGCCCAGAGCCTG
cen CGCGCCGCTATCCTGAGATCTTCGCCGGCATGTGTACCGCCCAGAGCCTG-
'k'kk'k'k'k'k'k'k'kkkk'kk'k'kk'kk'kk'k'kkk'k'k k'k'k'kkk'kk'kk'k'k'k *********
5387 5436
tho AGCGTTCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT
the AGCGTCCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT
cen AGCGTCCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT***** ********************************************
5437 5486
tho CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCC
the CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCC
cen CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCC**************************************************
5487 5536
tho TTGAGATCCGGGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCAT
the TTGAGATCCGGGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCAT
cen TTGAGATCCGGGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCAT**************************************************
5537 5586
tho TTCCGCGCGATCCAGAAGATCATCATGCGCGCCCTGCGCCCGCAATTCCT
the TTCCGCGCGATCCAGAAGATCATCATGCGCGCCTTGCGCCCGCAATTCCT
cen TTCCGCGCGATCCAGAAGATCATCATGCGCGCCTTGCGCCCGCAATTCCT********************************* ****************
5587 5636
tho TGTGGCCGCCGGCCATACGGAGCCCGAGGTCGATGCGTGGTGGCAGGCTC
the TGTGGCCGCTGGCCATACGGAGCCCGAGGTCGATGCGTGGTGGCAGGCCC
cen TGTGGCCGCTGGCCATACGGAGCCCGAGGTCGATGCGTGGTGGCAGGCTC********* ************************************** *
5637 5686
tho ATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTTCGACATGAAC
the ATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTTCGACATGAAC
cen ATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTTCGACATGAAC**************************************************
5687 5736
tho CAGACCCTCGCCACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT
the CAGACCCTCGCTACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT
cen CAGACCCTCGCTACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT*********** **************************************
5737 5786
t h o  G G G C C T C C C T T G C G C C G A A G A C T A C C G C G C G C T C C G C G C C G G C A G C T A C T
t h e  G G G C C T C C C T T G C G C C G A A G A C T A C C G C G C G C T C C G C G C C G G C A G C T A C T
cen G G G C C T C C C T T G C G C C G A A G A C T A C C G C G C G C T C C G C G C C G G C A G C T A C T**************************************************
5787 5836
tho GCACCCTGCGCGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAG.C
the GCACCCTGCGCGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGC
cen GCACCCTGCGCGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGC
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5387 5436
tho AGCGTTCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT
the AGCGTCCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT
cen AGCGTCCCCGCCTTCCTCAAAGCCACCTTGAAGTGCGTAGACGCCGCCCT***** ********************************************
5437 5486
tho CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCC
the CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCC
cen CGGCCCCAGGGACACCGAGGACTGCCACGCCGCTCAGGGGAAAGCCGGCC**************************************************
5487 5536
tho TTGAGATCCGGGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCAT
the TTGAGATCCGGGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCAT
cen TTGAGATCCGGGCGTGGGCCAAGGAGTGGGTTCAGGTTATGTCCCCGCAT**************************************************
5537 5586
tho TTCCGCGCGATCCAGAAGATCATCATGCGCGCCCTGCGCCCGCAATTCCT
the TTCCGCGCGATCCAGAAGATCATCATGCGCGCCTTGCGCCCGCAATTCCT
cen TTCCGCGCGATCCAGAAGATCATCATGCGCGCCTTGCGCCCGCAATTCCT********************************* ****************
5587 5636
tho TGTGGCCGCCGGCCATACGGAGCCCGAGGTCGATGCGTGGTGGCAGGCTC
the TGTGGCCGCTGGCCATACGGAGCCCGAGGTCGATGCGTGGTGGCAGGCCC
cen TGTGGCCGCTGGCCATACGGAGCCCGAGGTCGATGCGTGGTGGCAGGCTC********* ************************************** *
5637 5686
tho ATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTTCGACATGAAC
the ATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTTCGACATGAAC
cen ATTACACCACCAACGCCATCGAGGTCGACTTCACTGAGTTCGACATGAAC**************************************************
5687 5736
tho CAGACCCTCGCCACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT
the CAGACCCTCGCTACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT
cen CAGACCCTCGCTACTCGGGACGTCGAGCTCGAGATTAGCGCCGCTCTCTT*********** **************************************
5737 5786
tho GGGCCTCCCTTGCGCCGAAGACTACCGCGCGCTCCGCGCCGGCAGCTACT
the GGGCCTCCCTTGCGCCGAAGACTACCGCGCGCTCCGCGCCGGCAGCTACT
cen GGGCCTCCCTTGCGCCGAAGACTACCGCGCGCTCCGCGCCGGCAGCTACT
‘k-k'k'k'k'k'k-k-k'k'k-k-k'k-kk-k-k-k-k-k'k'k'k'fc'k-k-k-fc'k'k'it'kik-k'k'k'k'k'kic-k'k'k-k'k'k'k
5787 5836
tho GCACCCTGCGCGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGC
the GCACCCTGCGCGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGC
cen GCACCCTGCGCGAACTGGGCTCCACTGAGACCGGCTGCGAGCGCACAAGC**************************************************
5837 5886
tho GGCGAGCCCGCCACGCTGCTGCACAACACCACCGTGGCCATGTGCATGGC
the GGCGAGCCCGCCACGCTGCTGCACAACACCACCGTGGCCATGTGCATGGC
cen GGCGAGCCCGCCACGCTGCTGCACAACACCACCGTGGCCATGTGCATGGC**************************************************
5887 5936
tho CATGCGCATGGTCCCCAAAGGCGTGCGCTGGGCCGGGATTTTCCAGGGTG
the CATGCGCATGGTCCCCAAAGGCGTGCGCTGGGCCGGGATTTTCCAGGGTG
cen CATGCGCATGGTCCCCAAAGGCGTGCGCTGGGCCGGGATTTTCCAGGGTG**************************************************
5937 5986
tho ACGATATGGTCATCTTCCTCCCCGAGGGCGCGCGCAGTGCGGCACTCAAG
the ACGATATGGTCATCTTCCTCCCCGAGGGCGCGCGCAGCGCGGCACTCAAG
cen ACGATATGGTCATCTTCCTCCCCGAGGGCGCGTGCAGTGCGGCACTCAAG****** it* ******* * * ******* * ***** * * **** ************
5987 6036
tho TGGACCCCCGCCGAGGTGGGCTTGTTCGGCTTCCACATTCCGGTGAAGCA
the TGGACCCCCGCCGAGGTGGGCTTGTTTGGCTTCCACATCCCGGTGAAGCA
cen TGGACCCCCGCCGAGGTGGGCTTGTTTGGCTTCCACATCCCGGTGAAGCA************************** *********** ***********
6037 6086
tho TGTGAGCACCCCTACCCCCAGCTTCTGCGGGCACGTCGGCACCGCGGCCG
the CGTGAGCACCCCTACCCCCAGCTTCTGCGGGCACGTCGGCACCGCGGCCG
cen TGTGAGCACCCCTACCCCCAGCTTCTGCGGGCACGTCGGCACCGCGGCCG
■k'k-k'k-k-k-k'k'k'k'k'k'k'k'k'k-k-k-k'k'icik'k'k'k-k-k-k-k-k'k'k'k-k'k'k'k'k'kic'kiit'k-k
6087 6136
tho GCCTCTTCCATGATGTCATGCACCAGGCGATCAAGGTGCTTTGCCGCCGT
the GCCTCTTCCATGATGTCATGCACCAGGCGATCAAGGTGCTTTGCCGCCGT
cen GCCTCTTCCATGATGTCATGCACCAGGCGATCAAGGTGCTTTGCCGCCGT**************************************************
6137 618G
tho TTCGACCCAGACGTGCTCGAAGAAGAGCAGGTGGCCCTCCTCGACCGCCT
the TTCGACCCAGACGTGCTTGAAGAACAGCAGGTGGCCCTCCTCGACCGCCT
cen TTCGACCCAGACGTGCTTGAAGAACAGCAGGTGGCCCTCCTCGACCGCCT***************** ********************************
6187 6236
tho CCGGGGGGTCTACGCGGCTCTGCCTGACACCGTTGCCGCCAATGCTGCGT
the CCGGGGGGTCTACGCGGCTCTGCCTGACACCGTTGCCGCCAATGCTGCGT
cen CCGGGGGGTCTACGCGGCTCTGCCTGACACCGTTGCCGCCAATGCTGCGT
k'k'kk’k'kic'k'k'k'k'k'kifk-k-k'k'k'k'k'kk'k'kic'k'k-k-k'kie-k-k-k-k-k-k'kifk'kick'k'k'k'k'k
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6237 6286
tho ACTACGACTACAGCGCGGAGCGCGTCCTCGCTATTGTGCGCGAACTTACC
the ACTACGACTACAGCGCGGAGCGCGTCCTCGCTATCGTGCGCGAACTTACC
cen ACTACGACTACAGCGCGGAGCGCGTCCTCGCTATCGTGCGCGAACTTACC********************************** ***************
6287 6336
tho GCGTACGCGGGGGCGCGGCCTCGACCACCCGGCCACCATCGGCGCGCTCG
the GCGTACGCGGGGGCGCGGCCTCGACCACCCGGCCACCATCGGCGCGCTCG
cen GCGTACGCGGGGGCGCGGCCTCGACCACCCGGCCACCATCGGCGCGCTCG**************************************************
6337 6386
tho AGGAGATTCAGACCCCCTACGCGCGCGCCAATCTCCACGACGCTGACTAA
the AGGAGATTCAGACCCCCTACGCGCGCGCCAATCTCCACGACGCCGACTAA
cen AGGAGATTCAGACCCCCTACGCGCGCGCCAATCTCCACGACGCTGACTAA******************************************* ******
6387 6436
tho2 CGCCCCTGTACGTGGGGCCTTTAATCTTACCTACTCTAACCAGGTCATCA
the CGCCCCTGTACGTGGGGCCTTTAATCTTACCTACTCTAACCAGGTCATCA
cen CGCCCCTGTACGTGGGGCCTTTAATCTTACCTACTCTAACCAGGTCATCA**************************************************
6437 6486
tho CCCACCGTTGTTTCGCCGCATCTGGTGGGTACCCCACTTTTGCCATTCGG
the CCCACCGTTGTTTCGCCGCATCTGGTGGGTACCCAACTTTTGCCATTCGG
cen CCCACCGTTGTTTCGCCGCATCTGGTGGGTACCCAACTTTTGCCATTCGG********************************** ***************
6487 6536
tho GAGAGCCCCAGGGTGCCCGAATGGCTTCTACTACCCCCATCACCATGGAG
the GAGAGCCCCAGGGTGCCCGAATGGCTTCTACTACCCCCATCACCATGGAG
cen GAGAGCCCCAGGGTGCCCGAATGGCTTCTACTACCCCCATCACCATGGAG**************************************************
6537 6586
tho GACCTCCAGAAGGCCCTCGAGGCACAATCCCGCGCCCTGCGCGCGGAACT
the GACCTCCAGAAGGCCCTCGAGGCACAATCCCGCGCCCTGCGCGCGGAACT
cen GACCTCCAGAAGGCCCTCGAGGCACAATCCCGCGCCCTGCGCGCGGAACT************* * ************* * ********** * ********** *
6587 6636
tho CGCCGCCGGCGCCTCGCAGTCGCGCCGGCCGCGGCCGCCGCGACAGCGCG
the CGCCGCCGGCGCCTCGCAGTCGCGCCGGCCGCGGCCGCCGCGACAGCGCG
cen CGCCGCCGGCGCCTCGCAGTCGCGCCGGCCGCGGCCGCCGCGACAGCGCG************r**************************************
6637 6686
tho2 ACTCCAGCACCTCCGGAGATGACTCCGGCCGTGACTCCGGAGGGTCCCGC
the2 ACTCCAGCACCTCCGGAGATGACTCCGGCCGTGACTCCGGAGGGCCCCGC
cen2 ACTCCAGCACCTCCGGAGATGACTCCGGCCGTGACTCCGGAGGGCCCCGC******************************************** *****
6687 6706
tho CGCCGCCGCGGCAACCGGGG
the CGCCGCCGCGGCAACCGGGG
cen CGCCGCCGCGGCAACCGGGG********************
FIGURE 4.1 l.b Notes.
Nucleotides arc numbered according to Dominingucz et a/.(1990). Nucleotides 2437 to 6706 of Thomsis (tho), 
Therien (the) and Cendehill (cen) RV nonstructural protein coding regions are compared. In the bottom line of each 
aligned row of nucleotides, identical nucleotides are indicated liy * and nucleotide differences by a gap.
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FIGURE 4.12.a 
COMPARISON OF THOMAS, THERIEN AND CENDEHILL RV 
AMINO ACID SEQUENCES OF THE FIRST PART OF THE NONSTRUCTURAL 
PROTEIN CODING REGION
1 50
tho MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDVVTAAQKRAIV
the MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDVVTAAQKRAIV
cen MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWTAAQKRAIV**************************************************
51 100
tho AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
the AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
cen AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL**************************************************
101 150
tho REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
the REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
cen REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF**************************************************
151 200
tho YVHPEDVPHGGRAVADRCLLYYTPMQMCELMRTIDATLLVAVDLWPVALA
the YVHPEDVPHGGRAVADRCLLYYTPMQMCELMRTXDATLLVAVDLWPVALA
cen YVHPEDVPHGGRAVADRCLLYYTPMQMCELMRTIDATLLVAVDLWPVALA
k^'k-k'k'k'k-k-k-k'k'k'k-k-kic'k'k'k'k'k'k'k-k-k'k'k-k'k'k'k'k'k-k-k'k'k'k'k-k-k'k'k'k'k-k'kirk'k
201 250
tho AHVRDDWDDLGIAWHLDHDGGCPADCRGAGAGPTPGYTRPCTTRIYQVLP
the AHVGDDWDDLGIAWHLDHDGGCPADCRGAGAGPTPGYTRPCTTRIYQVLP
cen AHVGDDWDDLGIAWHLDHDGGCPADCRGAGAGPTPGYTRPCTTRIYQVLP* * * ******************************■************★•*:**
251 300
tho DTAHPGRLYRCGPRLWTRDCAVAELSWEVAQHCGHQARVRAVRCTLPIRH
the DTAHPGRLYRCGPRLWTRDCAVAELSWEVAQHCGHQARVRAVRCTLPIRH
cen DTAHPGRLYRCGPRLWTRDCAVAELSWEVAQHCGHQARVRAVRCTLPIRH**************************************************
301 350
tho VRSLQPSARVRLPDLVHLAEVGRNRWFSLPRPVFQRMLSYCKTLSPDAYY
the VRSLQPSARVRLPDLVHLAEVGRVJRWFSLPRPVFQRMLSYCKTLSPDAYY
cen VRSLQPSARVRLPDLVHLAEVGRWRWFSLPRPVFQRMLSYCKTLSPDAYY
'k'k'k'k'k-k'k-k'k'k'k'k-k-k'k-k'k'k-k-k'k'k-k'k'k'ft'k-k-k-k'k'k'k'k'k'k'k'kit'k'k-k-k'k'kic'k'k-k'k
351 400
tho SERVFKFKNALSHSITLAGNVLQEGWKGTCAEEDALCAYVAFRAWQSNAR
the SERVFKFKNALCHSITLAGNVLQEGWKGTCAEEDALCAYVAFRAWQSNAR
cen SERVFKFKNALSHSITLAGNVLQEGWKGTCAEEDALCAYVAFRAWQSNAR*********** **************************************
401 . 450
tho LAGIMKSAKCAADSLSVAGWLDTIWDAIKRFFGSVPLAERMEEWEQDAAV
the LAGIMKGAKCAADSLSVAGWLDTIWDAIKRFLGSVPLAERMEEWEQDAAV
cen LAGIMKSAKCAADSLSVAGWLDTIWDAIKRFFGSVPLAERMEEWEQDAAV
* * * * * * . * * * * * * * * * * * * * * * * * * * * * * * * . * * * * * * * * * * * * * * * * * *
451 500
tho AAFDRGPLEDGGRHLDTVQPPKSPPRPEIAATWIVHAASADRHCACAPRC
the AAFDRGPLEDGGRHLDTVQPPKSPPRPEIAATWIVHAASEDRHCACAPRC
cen AAFDRGPLEDGGRHLDTVQPPKSPPRPEIAATWIVHAASADRHCACAPRC
•k'k-k'k'k'k'k-k-kic-k'k-k-k-k-k’k'k'k'k'k-k'k'k'k-k-k-k-k'k-k-k'k-k'k-k'k-k-*; 'k'k'k'kic~k4krk*'k
501 550
tho DVPRERPSAPAGPPDDEALIPPWLFAERRALRCREWDFEALRARADTAAA
the DVPRERPSAPAGQPDDEALIPPWLFAERRALRCREWDFEALRARADTAAA
cen DVPRERPSAPAGPPDDEALIPPWLFAERRALRCREWDFEALRARADTAAA************ *************************************
551 600
tho PAPLAPRPARYPTVLYRHPAHHGPWLTLDEPGEADAALVLCDPLGQPLRG
the PAPPAPRPARYPTVLYRHPAHHGPWLTLDEPGEADAALVIiCDPLGQPLRG
cen PAPLAPRPARYPTVLYRHPAHHGPWLTLDEPGEADAALVLCDPLGQPLRG*** **********************************************
601 650
t h o  P E R H F A A G A H M C A Q A R G L Q A F V R W P P P E R P W A D G G A R A W A K F F R G C A W A
t h e  P E R H F A A G A H M C A Q A R G L Q A F V R V V P P P E R P W A D G G A R A W A K F F R G C A W A
c e n  P E R H F A A G A H M C A Q A R G L Q A F V R W P P P E R P W A D G G A R A W A K F F R G C A W A***************************** *********************
651 700
tho QRLLGEPAVMHLPYTDGDVPQLIALALRTLAQQGAALALSVRDLPGGAAF
the QRLLGEPAVMHLPYTDGDVPQLIALALRTLAQQGAALALSVRDLPGGAAF
cen QRLLGEPAVMHLPYTDGDVPQLIALALRTLAQQGAALALSVRDLPGGAAF
701 735tho DANAVTAAVRAGPGQSAATSPPPGDPPPPRRARRS
the DANAVTAAVRAGPRQSAAASPPPGDPPPPRRARRS
cen DANAVTAAVRAGPGQSAATSPPPGDPPPPRRARRS************* ********************
FIGURE 4.12.a Notes.
Amino acids arc numbered according to DomiHguoz Q-t at(199fl). Amino aci<ls 1 to 735 of Thomas (tho), Therien 
(the) and Cendehill (ccn) RV nonstructural protein coding regions are compared. In the bottom line of each aligned 
row of amino acids, identical amino acids are indicated by * , nonconscrvcd amino acid changes are indicated by a 
gap and conserved amino acid changes indicated by a gap subscribed by a dot.
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, 
phenylalanine; G, giycinc; H, histidine; I, isolcucinc; K, lysine; L, leucine; M, methionine; N, asparagine; P, proiinc; 
Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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F IG U R E  4.12.b  
COMPARISON OF THOMAS. THERIEN AND CENDEHILL RV 
AMINO ACID SEQUENCES OF THE SECOND PART OF THE NONSTRUCTURAL 
PROTEIN CODING REGION
800 849
tho KADPDSDIVESYARAAGPVHLRVRDIMDPPPGCKVVVNAANEGLLAGSGV
the RADPDSDIVESYARAAGPVHLRVRDIMDPPPGCKVVVNAANEGLLAGSGV
cen RADPDSDIVESYARAAGPVHLRVRDIMDPPPGCKVVVNAANEGLLAGSGV
^kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
850 899
tho CGAIFANATAALAADCRRLAPCPTGEAVATPGHGCGYTHIIHAVAPRRPR
the CGAIFANATAALAANCRRLAPCPTGEAVATPGHGCGYTHIIHAVAPRRPR
cen CGAIFANATAALAADCRRLAPCPTGEAVATPGHGCGYTHIIHAVAPRRPR■*•*******■*•***** . •Ar****-**********-******-*********'*****
900 949
tho DPAALEEGEALLERAYRSIVALAAARRWACVACPLLGAGVYGWSAAESLR
the DPAALEEGEALLERAYRSIVALAAARRNACVACPLLGAGVYGWSAAESLR
cen DPAALEEGEALLERAYRSIVALAAARRWACVACPLLGAGVYGWSAAESLR
950 999
tho AALAATRAEPVERVSLHICHPDRATLTHASVLVGAGLAARRVSPPPTEPL
the AALAATRTEPVERVSLHICHPDRATLTHASVLVGAGLAARRVSPPPTEPL
cen AALAATRTEPAERVSLHICHPDRATLTHASVLVGAGLAARRVSPPPTEPL*******.** ***************************************
1000 1049
tho ASRPAGDPGRPAQRSASPPATPLGDATAPEPRGCQGCELCRYTRVTNDRA
the ASCPAGDPGRPAQRSASPPATPLGDATAPEPRGCQGCELCRYTRVTNDRA
cen PSCPAGDPGRPAQRSASPPATPLGDATAPEPRGCQGCELCRYTRVTNDRA.* ***********************************************
1050 1099
tho YVNLWLERDRGATSWAMRIPEWVYGPEHLATHFPLNHYSVLKPAEVRPP
the YVNLWLERDRGATSWAMRIPEWVYGPEHLATHFPLNHYSVLKPAEVRPP
cen YVNLWLERDRGATSWAMRIPEVWYGPEHLATHFPLNHYSVLKPAEVRPPAr******************-*:*******************-***********
1100 1149
tho RGMCGSDMWRCRGWQGTPQVRCTPSNAHAALCRTGVPPRVSTRGGELDPN
the RGMCGSDMWRCRGWHGMPQVRCTPSNAHAALCRTGVPPRASTRGGELDPN
cen RGMCGSDMWRCRGWQGMPQVRCTPSNAHAALCRTGVPPRVSTRGGELDPN**************.* ********************** **********
1150 1199
tho TCWLRAAANVAQAARACGAYTSAGCPKCAYGRALSEARTHEDFAALSQRW
the TCWLRAAANVAQAARACGAYTSAGCPKCAYGRALSEARTHEDFAALSQRW
cen TCWLRAAANVAQAARACGAYTSAGCPKCAYGRALGEARTHEDFAALSQRW*************************************************
1200 1249
tho SASHADASPDGTGDPLDPLMETVGCACSRVWVGSEHEAPPDHLLVSLHRA
the SASHADASPDGTGDPLDPLMETVGCACSRVWVGSEHEAPPDHLLVSLHRA
cen SASHADASPDGTGDPLDPLMETVGCACSRVWVGSEHEAPPDHLLVSLHRA**************************************************
1250 1299
tho PNGPWGVVLEVRARPEGGNPTGHFVCAVGGGPRRVSDRPHLWLAVPLSRG
the PNGPWGVVLEVRARPEGGNPTGHFVCAVGGGPRRVSDRPHLWLAVPLSRG
cen PNGPWGWLEVRARPEGGNPTGHFVCAVGGGPRRVSDRPHLWLAVPLSRG**************************************************
1300 1349
t h o  G G T C A A T D E G L A Q A Y Y D D L E V R R L G D D A M A R A A L A S V Q R P R K G P Y N I R V W
t h e  G G T C A A T D E G L A Q A Y Y D D L E V R R L G D D A M A R A A L A S V Q R P R K G P Y N I R W
c e n  G G T C A A T D E G L A Q A Y Y D D L E V R R L G D D A M A R A A L A S V Q R P R K G P Y N I R V W**************************************************
1350 1399
tho NMAAGAGKTTRILAAFTREDLYVCPTNALLHEIQAKLRARDIDIKNAATY
the NMAAGAGKTTRILAAFTREDLYVCPTNALLHEIQAKLRARDIDIKNAATY
cen NMAAGAGKTTRILAAFTREDLYVCPTNALLHEIQAKLRARDIDIKNAATY**************************************************
1400 1449
tho ERALTKPLAAYRRIYIDEAFTLGGEYCAFVASQTTAEVICVGDRDQCGPH
the ERRLTKPLAAYRRIYIDEAFTLGGEYCAFVASQTTAEVICVGDRDQCGPH
cen ERALTKPLAAYRRIYIDEAFTLGGEYCAFVASQTTAEVICVGDRDQCGPH
kk kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
1450 1499
tho YANNCRTPVPDRWPTERSRHTWRFPDCWAARLRAGLDYDIEGERTGTFAC
the YANNCRTPVPDRWPTERSRHTWRFPDCWAARLRAGLDYDIEGERTGTFAC
cen YANNCRTPVPDRWPTERSRHTNRFPDCWAARLRAGLDYDIEGERTGTFAC**************************************************
1500 1549
tho NLWDGRQVDLHLAFSRETVRRLHEAGIRAYTVREAQGMSVGTACIHVGRD
the NLWDGRQVDLHLAFSRETVRRLHEAGIRAYTVREAQGMSVGTACIHVGRD
cen NLWDGRQVDLHLAFSRETVRRLHEAGIRAYTVREAQGMSVGTACIHVGRD**************************************************
1550 1599
tho GTDVALALTRDLAIVSIiTRASDALYLHELEDGSLRAAGLSAFLDAGALAE
the GTDVALALTRDLAIVSLTRASDALYLHELEDGSLRAAGLSAFLDAGALAE
cen GTDVALALTRDLAIVSLTRASDALYLHELEDGSLRAAGLSAFLDAGALAE**************************************************
1600 1649
tho LKEVPAGIDRVVAVEQAPPPLPPADGIPEAQDVPPFCPRTLEELVFGRAG
the LKEVPAGIDRVVAVEQAPPPLPPADGIPEAQDVPPFCPRTLEELVFGRAG
cen LKEVPAGIDRVVAVEQAPPPLPPADGIPEAQDVPPFCPRTLEELVFGRAG**************************************************
188
1650 1699
tho HPHYADLNRVTEGEREVRYMRISRHLLNKNHTEMPGTERVLSAVCAVRRY
the HPHYADLNRVTEGEREVRYMRISRHLLNKNHTEMPGTERVLSAVCAVRRY
cen HPHYADLNRVTEGEREVRYMRISRHLLNKNHTEMPGTERVLSAVCAVRRY**************************************************
1700 1749
tho RAGEDGSTLRTAVARQHPRPFRQIPPPRVTAGVAQEWRMTYLRERIDLTD
the RAGEDGSTLRTAVARQHPRPFRQIPPPRVTAGVAQEWRMTYLRERIDLTD
cen RAGEDGSTLRTAVARQHPRPFRQIPPPRVTAGVAQEWRMTYLRERIDLTD**************************************************
1750 1799
tho VYTQMGVAARELTDRYARRYPEIFAGMCTAQSLSVPAFLKATLKCVDAAL
the VYTQMGVAARELTDRYARRYPEIFAGMCTAQSLSVPAFLKATLKCVDAAL
cen VYTQMGVAARELTDRYARRYPEIFAGMCTAQSLSVPAFLKATLKCVDAAL**************************************************
1800 1849
tho GPRDTEDCHAAQGKAGLEIRAWAKEWVQVMSPHFRAIQKIIMRALRPQFL
the GPRDTEDCHAAQGKAGLEIRAWAKEWVQVMSPHFRAIQKIIMRALRPQFL
cen GPRDTEDCHAAQGKAGLEIRAWAKEWVQVMSPHFRAIQKIIMRALRPQFL**************************************************
1850 1899
tho VAAGHTEPEVDAWWQAHYTTNAIEVDFTEFDMNQTLATRDVELEISAALL
the VAAGHTEPEVDAWWQAHYTTNAIEVDFTEFDMNQTLATRDVELEISAALL
cen VAAGHTEPEVDAWWQAHYTTNAIEVDFTEFDMNQTLATRDVELEISAALL**************************************************
1900 1949
tho GLPCAEDYRALRAGSYCTLRELGSTETGCERTSGEPATLLHNTTVAMCMA
the GLPCAEDYRALRAGSYCTLRELGSTETGCERTSGEPATLLHNTTVAMCMA
cen GLPCAEDYRALRAGSYCTLRELGSTETGCERTSGEPATLLHNTTVAMCMA**************************************************
1950 1999
tho MRMVPKGVRWAGIFQGDDMVIFLPEGARSAALKWTPAEVGLFGFHIPVKH
the MRMVPKGVRWAGIFQGDDMVIFLPEGARSAALKWTPAEVGLFGFHIPVKH
cen MRMVPKGVRWAGIFQGDDMVIFLPEGACSAALKWTPAEVGLFGFHIPVKH*************************** **********************
2000 2049
tho VSTPTPSFCGHVGTAAGLFHDVMHQAIKVLCRRFDPDVLEEQQVALLDRL
the VSTPTPSFCGHVGTAAGLFHDVMHQAIKVLCRRFDPDVLEEQQVALLDRL
cen VSTPTPSFCGHVGTAAGLFHDVMHQAIKVLCRRFDPDVLEEQQVALLDRL**************************************************
2050 2099
tho RGVYAALPDTVAANAAYYDYSAERVLAIVRELTAYAGARPRPPGHHRRAR
the RGVYAALPDTVAANAAYYDYSAERVLAIVRELTAYAGARPRPPGHHRRAR
cen RGVYAALPDTVAANAAYYDYSAERVLAIVRELTAYAGARPRPPGHHRRARA****************1*****'*'**************************'*
2100 2149
tho GDSDPLRARQSPRRXLTPLYVGPLILPTLTRSSPTWSPHLVGTPLLPFG
the GDSDPLRARQSPRRRLTPLYVGPLILPTLTRSSPTWSPHLVGTQLLPFG
cen GDSDPLRARQSPRRXLTPLYVGPLILPTLTRSSPTWSPHLVGTQLLPFG************** ***************************** *****
2150 2199
tho RAPGCPNGFYYPHHHGGPPEGPRGTIPRPARGTRRRRLAVAPAAAAATAR
the RAPGCPNGFYYPHHHGGPPEGPRGTIPRPARGTRRRRLAVAPAAAAATAR
cen RAPGCPNGFYYPHHHGGPPEGPRGTIPRPARGTRRRRLAVAPAAAAATAR**************************************************
2200 2205
tho LQHLRR
the LQHLRR
cen LQHLRR******
FIGURE 4.12.b Notes.
Amino acids are numbered according to Dominguez et «/.(1990). Amino acids 800 to 2205 of Thomas (tho), Therien (the) and 
Cendehill (cen) RV nonstructural protein coding regions are compared, hi the bottom into of each aligned row of amino acids, 
identical amino acids are indicated by * , nonconscrved aiuino acid changes are indicated by a gap and conserved amino acid 
changes indicated by a gap subscribed by a dot.
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, 
glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S. 
serine; T, tlireonine; V, valine; W, tryptophan; Y, tyrosine. X at aiuino acid position 2114 hi both Thomas and Cendehill strains 
signifies the presence of a stop codon.
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PERCENTAGE HOMOLOGIES OF NUCLEOTIDES AND AMINO ACIDS OF THE 
NONSTRUCTURAL PROTEIN CODING REGION OE RV STRAINS
TABLE 4.3.a
TABLE 4.3.a Notes
The number of nucleotide differences reported from comparisons with the M33 strain, were calculated from a total of 
6088 nucleotides (nucleotides 18 to 2246 and 2437 to 6295). Those reported from comparisons between Thomas, 
Therien and Cendehill strains were calculated from a total of 6499 nucleotides (nucleotides 18 to 2246 and 2437 to 6706).
TABLE 4.3.b
TABLE 4.3.b Notes
The number of amino acid differences reported from comparisons with the M33 strain, were calculated from a total of 
2021 amino acids (residues 1 to 735 and 800 to 2085). Those reported from comparisons between Thomas, Therien and 
Cendehill strains were calculated from a total of 2049 amino acids (residues 1 to 735 and 800 to 2113). # These totalsinclude three insertions but not the three deletions seen in M33 (Table 4.4.).
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Codes for Anino Acids
Nonpolar R groups:
A A!an i ne Hydrophob i c
F Pheny1 a I an i ne Hydrophob i c
I Isoleucine Hydrophob i c
L Leuc ine Hydrophobi c
M Meth i on i ne Hydrophob i c
P Proli ne 1ntermed i ate
V Va 1i ne Hydrophob i c
W Tryptophan 1 ntermed i ate
PoI ar, but uncharged R groups:
C Cyste i ne Hydrophob i c
G G 1 yc i ne Intermedi ate
N Asparag i ne Hydroph i1i c
Q G 1utami ne Hydrophi1i c
S Ser i ne 1ntermed i ate
T Thr eon i ne Intermediate
Y Tyros i ne 1ntermed i ate
Pos i t i veIy charged R groups:
H Hi s t i d i ne Hydroph i1i c
K Lys i ne Hydroph i1i c
R Arginine Hydroph i1i c
Nega t i ve i y charged R groups :
D Aspa r t i c acid Hydroph i1i c
E Glutamic acid Hydroph i1i c
(Hydrophobicity/hydrophiI icity descriptions taken from 
Mandl et al ., 1989.)
T A B L E  4.4.
C O N S E R V A T IV E  A N D  N O N -C O N S E R V A T IV E  A M IN O  A C ID  S U B S T IT U T IO N S
B E T W E E N  R V  S T R A IN S
Amino Acid Amino Acid Differences Conserved(C)/
Position in Non-Conserved(NC) Deletion/
RV genome* Thomas Therien Cendehill M33 [] = LOMD* Insertion
204 R G G G NC [5]
323 R R R W C [10]
362 S C S S C [8]
407 S G S s C [9]
Between 409 and 410 — — — R 1 Insertion
432 F L F F C [10]
490 A E A A C [8]
513 P Q P P C [8]
554 L p L L NC [5]
583 E E E G C [8]
605 F F F Y C [15]
671 Q Q Q K C [9]
696 G G G R NC [5]
698 A A A T C [9]
701 D D D E C [11]
714 G R G G NC [5]
716 S S S L NC [5]
719 T A T T C [9]
800 K R R K C [11]
864 D N D D C [10]
873 T T T I C [8]
929 C C C R NC [4]
957 A T T A C [9]
960 V V A A C [8]
1000 ' A A P A C [9]
1002 R C C C NC [4]
1114 Q H Q Q C [11]
1116 T M M M NC [7]
1139 V A V V C [8]
1184 S S G S C [9]
1198 R R R W C [10]
1336 V V V I C [12]
1402 A R A A NC [6]
1465 E E E G C [8]
1582 S S . S L NC [5]
Between 1693 and 1694 — — — S and P 2 Insertions
1695 A A A G C [9]
1696, 1697, 1698 V, R, R V, R, R V, R, R — 3 Deletions
1766 A A A T C [9]
1977 R R C R NC [4]
1978 S S s N C [9]
2114 ffi R ffi N.A
TABLE 4.4. Notes
aCC21.ding t0 D,°”til,guez et a£(1990)- This comparison involved amino acids; 1 to 735 (ail strains) and 800 to 2114 for Thomas, Therien and Ccndelull strains and 800 to 2085 for M33 strain. N.A. = not analysed.® denotes the presence of
OdUlvrT- ?n nnrr i “* b.°th ™°,nas 501(1 Cendehi,, st,ains- See Ucing page for codes for amino acids.* LOMD = Logs Odds Matm of Dayhoff values (see Appendix 2). Substitutions with LOMD values of 8 and above are designated as conserved and those with values of 7 and below as non-conscrved within this table.
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T h e  'c u t-o ff po in t betw een  defining an am ino acid substitution as conservative o r non­
conservative is m ade on the basis o f  the frequency w ith  w h ich  am ino acids are seen to  
replace each o ther i n  v iv o . A  copy o f  the L o g  Odds M a tr ix  o f  D a y h o ff  (L O M D )  (1 9 7 8 )  
used to  decide the nature o f  the substitution is given in A ppendix  2. T h e  structure o f  the  
am ino acids is also g iven in A ppendix  3. I t  should be noted here that, although the  
C lustal program  uses a default 'cut o f f '  point o f  ten (F igures 4 .1 1 . a, 4.1 l .b , 4 .1 2 .a  and 
4 .1 2 .b ), fo r  the purposes o f  fu rther analysis (T ab le  4 .4 . and 4 .5 .)  this was reduced to  
eight. Setting it at eight requires there to  be greater differences betw een am ino acid 
substitutions before they are considered non-conservative. Thus tw o  am ino acids 
replacing one another m ay be considered as a conservative substitution i f  the score is 
eight o r m ore and a non-conservative substitution w ith  a score o f  less than eight, 
ind icating its less com m on occurence i n  v iv o .  This reveals the am ino acid substitutions 
w hich  have the largest effect on the structure o f  the resultant protein . T h e  L O M D  value  
o f  each substitution is given in  Tables 4 .4 . and 4 .5 .
4 .2 .5 . A nalyses  o f  th e  a m in o  a c id  s u b s titu tio n s  o c u rr in g  w ith in  th e  m a jo r  p a r t  o f  
th e  N S  p ro te in  co d in g  reg io n  o f  th e  R V  genom e.
I t  should be noted here that the T herien  strain w as used as the reference sequence to  
w hich  the others w ere  com pared (D o m in g u ez e t  a l . , 1990 ). A m in o  acid changes w ere  
seen at a to ta l o f  45  positions betw een the fo u r rubella strains (T a b le  4 .4 .) . O f  these; 11 
are non-conservative substitutions and 2 7  are conservative, three are insertions, three  
are deletions and at position 2 1 1 4 , an arginine in  the Therien  strain is replaced by stop 
codons in both  Thom as and C endehill strains. O f  the strains analysed, the greatest 
num ber o f  am ino acid differences w as seen in the M 3  3 w ild -typ e  strain.
A m in o  ac id  d iffe ren ces  o c c u rr in g  in  th e  p u ta t iv e  d om ain s
T h e  am ino acid differences w ere  tabulated w ith  reference to  the putative  dom ains o f
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Codes for Anino Acids:
Nonpolar R groups:
A Alanine Hydrophobic
F Phenylalanine Hydrophobic
I I so leucine Hydrophobic
L Leucine Hydrophobic
M Methionine Hydrophobic
P Proline Intermediate
V Valine Hydrophobic
W  Tryptophan Intermediate
Polar, but uncharged R groups:
C Cysteine Hydrophobic
G Glycine Intermediate
N Asparagine Hydrophilic
Q Glutamine Hydrophilic
S Serine Intermediate
T Threonine Intermediate
Y Tyrosine Intermediate
Positively charged R groups:
H Histidine Hydrophilic
K Lys i ne Hydroph iIi c
R Arginine Hydrophilic
Negatively charged R groups:
D Aspartic acid Hydrophilic
E Glutamic acid Hydrophilic
(Hydrophobicity/hydrophi I icity descriptions taken from 
Mandl et a!., 1989. )
A M I N O  A C I D  D IF F E R E N C E S  W H I C H  O C C U R  I N  T H E  P U T A T I V E
T A B L E  4,5.
D O M A IN S  O F  T H E  N O N S T R U C T U R A L  P R O T E I N  C O D IN G  
R E G IO N  O F  T H E  R V  G E N O M E
Amino Acid Amino Acid Differences Conserved(C)/
Position in Non-Conserved(NC) Deletion/
Putative Domain RV genome* Thomas Therien Cendehill M33 r l=LOMD Insertion
Methyltran sf e ras e 204 R G G G NC (51
Y’ Domain 323 R R R W C 1101
362 s C s S c rsi
Proline rich hinge 716 s S s L NC151
(Partial) 719 T A T T c  191
X* Domain 864 D N D D c  rioi
873 T T T I c 181
929 C C C R NC 141
957 A T T A C 191
960 V V A A C 181
Papain-like protease 1114 Q H Q Q C 1111
1116 T M M M NC171
1139 V A V V C 181
11S4 S S G s C [9]
1198 R R R w c noi
RNA helicase 1336 V V V I c ri2i
1402 A R A A NC 161
1465 E E E G C 181
1582 S S S L NC f51
RNA polymerase Between 1693 and 1694 ------ ------ •------- S and P 2 Insertions
1695 A A A G C 191
1696, 1697, 1698 V, R, R V, R, R V, R, R ------ 3 Deletions
1766 A A A T C 191
1977 R R C R NC 141
1978 S S S N ... . C [9]
* Numbered according to Dominguez et al.,(1990). See facing page for amino acid codes. 
LOMD = Logs Odds Matrix of Dayhoff values (se Appendix 2). Substitutions with LOMD values of 
S and above are designated conserved and those with values below 8 as non-conserved within this 
table.
193
the  N S  coding reg ion  (T a b le  4 .5 .) . T h e  greatest num ber o f  d ifferences are seen in the  
R N A  polym erase dom ain, although m ost o f  these occur w ith in  one strain (M 3  3 ). These  
differences involve; the insertion o f  tw o  am ino acids (serine and pro line) betw een  
positions 1693 and 1694 , the deletion o f  three am ino acids (va line  and tw o  arginines) at 
positions 1696 , 1697  and 1698 and three conservative substitutions at positions 1695, 
1766  and 1978. O n ly  one other change is seen in this region and it  occurs in the  
C endehill strain at position 1977  w here  there is a non-conservative substitution o f  
cysteine fo r  arginine. O f  the fo u r am ino acid differences seen in the R N A  helicase 
dom ain, tw o  are non-conservative, one occurs in M 3 3  only and involves the substitution  
o f  leucine fo r  serine (a t position 1582 ), and the o ther involves the substitution o f  alanine  
fo r arginine in M 3  3, Thom as and C endehill strains (a t position 1402 ). F iv e  changes 
are seen in both  the 'X ' and protease dom ains and in both cases one involves a non­
conservative substitution. In  the 'X ' dom ain this occurs in the M 3  3 strain at position 929  
w h ere  an arginine residue replaces a cysteine. In  the protease dom ain threonine replaces 
m ethionine at position 1116  in the Thom as strain. B o th  the pro line-rich  hinge dom ain  
(p a rtia l) and the 'Y ' dom ain contain tw o  am ino acid differences although only one o f  
these is o f  a non-conservative nature. This occurs in the pro line-rich  dom ain o f  M 3 3  at 
position  7 1 6  w h ere  a leucine residue replaces a serine. T h e  only difference in  the  
m ethyltransferase dom ain occurs in the Thom as strain at position 2 0 4  w here  an arginine  
replaces a glycine in  a non-conservative substitution.
A m in o  ac id  d iffe ren ces  b e tw e e n  th e  a tte n u a te d  C e n d e h ill s tra in  a n d  w ild - ty p e  
R V  s tra in s
T h e  num ber o f  am ino acid differences seen w hen  the deduced am ino acid sequence 
o f  the C endehill strain is com pared to  th a t o f  the w ild -typ e  strains is listed below :
N on-conserved Conserved T o ta l
Therien 4 12 16
Thom as 4 5 9
M 3  3 5 17 22
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Those in  w h ich  the am ino acid residue has been conserved in all three w ild -types  and 
thus differs only in  the C endehill strain are detailed below :
Position C endehill W ild -tv p e T v p e  o f  substitution
1000 P ro line A lan ine C onserved
1184 G lycine Serine C onserved
1977 Cysteine A rg in ine N on-conserved
T h e  schematic representation in F igure  4 .1 3 . involves am ino acid com parisons o f  
parts 1 and 2  o f  the N S  coding reg ion  o f  the R V  genom e as described in Tab le  4 .3 .b .
4 .2 .6 . S tra in -s p e c if ic  n u c leo tid es  o f  C e n d e h ill R V
T h ere  are e ight nucleotide differences unique to  the C endehill R V  strain and these 
are tabulated in Tab le  4 .6 . I t  can be seen fro m  this that only th ree o f  these result in  
am ino acid changes.
4 .3 . D iscussion .
R T - P C R
T h e  prim ary  aim  o f  these studies w as to  clone and sequence the N S  p ro te in  coding
reg ion  and part o f  the 5' N C  reg ion  o f  Thom as and C endehill R V  strains. U s ing  R T -  
P C R , it w as possible to  am plify  all targeted fragm ents except 'ep' (F ig u re  3 .2 .,
encompasses 190 nucleotides) o f  the N S  p ro te in  coding genom ic regions (9 7  per cent)
o f  the Thom as and C endehill strains. T h e  w o rk in g  R T -P C R  system developed in
C hapter 3 has fo r  the m ost part proved extrem ely successful. M a n y  o f  the prim ers used
fo r  am plification  reactions contravened those guidelines earlier referred  to  in C hap ter 3.
W h e re  the  nucleic acid tem plate  has a high G C  content, as it has in  this case, it is
d ifficu lt to  adhere to  such guidelines and indeed the success o f  all prim ers except those  
used fo r  the 'ep' fragm ent prov ide  evidence that certain guidelines need only be loosely
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N U C L E O T I D E  D IF F E R E N C E S  U N I Q U E  T O  C E N D E H I L L
T A B L E  4.6.
Position in F 
Nucleotide
IV genome* 
Amino Acid
Nuc
Cendehill
eotide Differences 
Therien, Thomas and M33 Nature of change
37 - C T In non-coding region
694 218 C T Silent
1283 415 C T Silent
2071 677 A G Silent
3038 1000 C G Proline for Alanine
3589 1183 T G Silent
3590 1184 G A Glycine for Serine
5969 1977 T C Cysteine for Arginine
*N u n ib e re d  acco rd in g  to  D o m in g u e z  e t  a l  (1 9 9 0 ).
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adhered to . T h e  particular guidelines being referred to  here are those that suggest the
p rim er should contain; a random  base distribution, a G C  content o f  betw een  50 and 60
per cent, m inim al self-com plem entarity  and m inim al com plem entarity  w ith  o ther prim ers
particu larly  in  the 3' region. T h e  fo llo w in g  prim ers (T ab le  3 .3 .)  all have G C  contents
higher than 6 0  per cent (p er cent G C  content in parenthesis); P C R 4  (7 0 ) , R T 3  (6 2 ),
P C R 6 c  (6 5 ) , R T 5  (7 1 ) , R T 5 c  (7 0 ) , P C R 8 f  (7 5 ) , R T 7 x  (7 4 ) , e 2 b P C R  (7 8 ) , R T e 2  (7 9 ) ,
F P C R  (7 0 ), R T 7 q  (7 0 ) , R T 1 2 c  (7 0 ) , G E S  1 (7 5 ). M o s t o f  these do n o t contain a random
base d istribution, the m ost extrem e exam ple o f  this being prim er e 2 b P C R  w hich  has a
run o f  seven C's nine bases upstream  fro m  the 3' end. A t  w h a t is considered to  be the
m ost sensitive region o f  the prim er, the  very  3' end, R T 7 q  has a run  o f  three G's. A s
discussed in  C hapter 3, m any prim ers contain a degree o f  self-com plem entarity  and/or
com plem entarity  w ith  the o ther m em ber o f  the prim er pair. I t  m ay be significant, that
the only prim er to  contain a degree o f  self-com plem entarity invo lv ing  m ore  than 50 per
cent o f  its bases (1 2  fro m  2 2 ) is P C R 8 m 3 . This prim er w as unsuccessfully used w ith  
prim ers e 2 a R T  and e 2 a Y  in  reactions designed to  am plify  the 'ep' fragm ent. H o w e v e r,
since reasonably high annealing tem peratures (T ab le  4 .2 .b ) w ere  used during P C R  w hich
m ay have prevented se lf annealing o f  the prim er, the level o f  self-com plem entarity  in the
P C R 8 m 3  prim er m ay n o t have been the m ajor reason fo r  the fa ilu re  o f  this am plification.
Furtherm ore , P C R 8 m , a p rim er w h ich  shows levels o f  com plem entarity  (to  its e lf and to
either one o f  its p rim er pairs) b e lo w  50  per cent, was also unsuccessful w hen  used w ith  
either e 2 a R T  o r e 2 a Y  to  am plify  the 'ep' fragm ent. T he  m ost like ly  reason fo r  the fa ilure
o f  these am plification  reactions w as the incom plete denaturation o f  the target reg ion  o f  
the  tem plate. T h e  genom ic region encompassing nucleotides 2 2 4 7  to  2 4 3 6  (1 9 0  
nucleotides) w h ich  still requires to  be am plified from  Thom as and C endehill strains, has 
an 81 per cent G C  content in  the Therien  strain. T he  com puter p rogram  P C  G E N E  
contains an R N A F O L D  program  w h ich  generates the tw o-d im ensional structures o f  
R N A  sequences and this w as used to  show  the potential secondary structures (F igure  
4 .1 4 .)  o f  the T herien  R N A  sequence in this region. F ro m  this figure , it can be seen that 
the target reg ion  has the potentia l to  fo rm  extensive stem -and-loop secondary structures.
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P O T E N T I A L  S T E M - A N D - L O O P  S T R U C T U R E S  F O R M E D  B Y
FIGURE 4.14.
N U C L E O T I D E S  2 2 4 7  T O  2 4 3 6  O F  T H E  T H E R I E N  R V  G E N O M E  
(fe p f t a r g e t  r e g i o n  o f  T h o m a s  a n d  C e n d e h i l l  R V  s trains)
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F I G U R E  4.14. N o t e s .  T h e  a b o v e  r e g i o n  is 8 1  p e r  c e n t  G C  rich a n d  t h e  p r e d i c t e d  
folding in this a r e a  h a s  a  A G  v a l u e  o f  -81.8kcal. T h e  R N A F O L D  p r o g r a m m e  w a s  also 
u s e d  to  calculate t h e  A G  v a l u e  o f  t h e  potential s t e m - a n d - l o o p  structure f o r m e d  b y  a  
r e g i o n  (nucleotides 3 8 7 0  to 4 0 5 9  o f  t h e  R V  g e n o m e )  w h i c h  is o f  identical l e n g t h  to  
that s h o w n  a b o v e ,  h a s  a  similar b u t  slightly l o w e r  G C  c o n t e n t  ( 7 5  p e r  cent) a n d  w h i c h  
c o u l d  b e  successfully ampli f i e d  b y  R T - P C R .  T h e  A G  v a l u e  for folding w i t h i n  this 
r e g i o n  is - 7 7 . 3 kcal. U s i n g  t h e  R N A F O L D  p r o g r a m  it w o u l d  a p p e a r  that t h e  A G  v a l u e  
o f  t h e  r e g i o n  e n c o m p a s s i n g  n u c l e o t i d e s  2 2 4 7  to 2 4 3 6  is n o t  substantially gre a t e r  t h a n  
that o f  o t h e r  r e g i o n s  o f  h i g h  G C  c o n t e n t  a n d  t h u s  t h e  e x t e n s i v e  s e c o n d a r y  structure 
m a y  n o t  b e  t h e  r e a s o n  for failure t o  a m p l i f y  t h e  target area. H o w e v e r ,  it s h o u l d  b e  
n o t e d  that this p r o g r a m  d o e s  n o t  t a k e  a c c o u n t  o f  a d joining n u c l e o t i d e s  o u t s i d e  t h e  
target a r e a  a n d  t herefore th e  s e c o n d a r y  structure p r e d i c t e d  m a y  n o t  r e p r e s e n t  that 
w h i c h  o c c u r s  w i t h i n  t h e  total g e n o m e .
199
A  h i g h  t e m p e r a t u r e  w o u l d  b e  r e q u i r e d  to  d e n a t u r e  s u c h  structures a n d  w o u l d  h a v e  to b e  
m a i n t a i n e d  t o  p r e v e n t  f o r m a t i o n  o f  n e w  s e c o n d a r y  structures o r  r e f o r m a t i o n  o f  ol d  o n e s  
d u r i n g  p r i m e r  a n n e a l i n g  a n d  r e v e r s e  transcription. It w a s  for this r e a s o n  that f o l l o w i n g  
initial failures u s i n g  R A V - 2  r e v e r s e  transcriptase at 5 5 ° C ,  T e t - z  D N A  p o l y m e r a s e  w a s  
u s e d  for t h e  r e v e r s e  transcription since it c a n  r e v e r s e  transcribe at t h e  h i g h e r  
t e m p e r a t u r e  o f  6 0 ° C .  H o w e v e r ,  n e g a t i v e  results w e r e  also o b t a i n e d  w h e n  u s i n g  this 
e n z y m e .  F u t u r e  w o r k  s h o u l d  i n c o r p o r a t e  positive controls s o  that t h e  possibility o f  th e  
r e v e r s e  transcriptase activity o f  T e t - z  D N A  p o l y m e r a s e  b e i n g  t o o  l o w  to p r o d u c e  
sufficient c D N A  t e m p l a t e  for t h e  amplification s y s t e m  c a n  b e  d i s c o u n t e d  b e f o r e  u s i n g  
this e n z y m e  again. It m a y  b e  that 6 0 ° C  is n o t  a  sufficiently h i g h  t e m p e r a t u r e  to  p r e v e n t  
t h e  f o r m a t i o n  o f  s e c o n d a r y  structures in t h e  target r e g i o n  o f  t h e  R N A ,  t h u s  future 
a t t e m p t s  m a y  requ i r e  t h e  u s e  o f  d e n a t u r a n t s  s u c h  as m e t h y l  m e r c u r y  h y d r o x i d e  ( M M H )  
t o  d e n a t u r e  t h e  R N A .  A  R T - P C R  p r o t o c o l  i n c o r p o r a t i n g  t h e  u s e  o f  M M H  as a  
d e n a t u r a n t  w a s  successfully d e v e l o p e d  b y  W h i t b y  et al ( 1 9 9 2 )  to  a m p l i f y  flaviviral 
R N A .
It is possible, h o w e v e r ,  that t h e  amplification p r o b l e m  o c c u r s  b e c a u s e  o f  i n a d e q u a t e  
initial d e n a t u r a t i o n  o f  t e m p l a t e  at t h e  P C R  stage, especially since t h e  t e m p e r a t u r e  u s e d  
at this s t a g e  is 9 5 ° C  c o m p a r e d  t o  1 0 0 ° C  prior to  t he R T  reaction. I n d e e d ,  D u t t o n  a n d  
c o - w o r k e r s  ( 1 9 9 3 )  f o u n d  that t h e y  w e r e  o n l y  able to  a m p l i f y  r e g i o n s  o f  h u m a n  g e n o m i c  
D N A  o f  h i g h  G C  c o n t e n t  ( 7 5  p e r  cent) b y  increasing t h e  P C R  d e n a t u r a t i o n  t e m p e r a t u r e  
f r o m  9 5 ° C  t o  9 8 ° C  a n d  u s i n g  7 0 ° C  to anneal/extend. T h i s  w a s  o n l y  successful, 
h o w e v e r ,  w i t h  t h e  u s e  o f  v e r y  h e a t  stable p o l y m e r a s e s  s u c h  as V e n t  ( N e w  E n g l a n d  
B i o l a b s )  a n d  P C R  p r i m e r s  w i t h  m e l t i n g  t e m p e r a t u r e s  as h i g h  as 8 0 ° C .
C u s i  et al ( 1 9 9 2 )  c o m p a r e d  t h e  effect o f  substituting 7 - d e a z a - d G T P  for d G T P  w i t h  
that o f  u s i n g  alkali t o  d e n a t u r e  t h e  p l a s m i d  D N A  t e m p l a t e  in his P C R  p r o t o c o l  in 
a t t e m p t i n g  t o  a m p l i f y  a  c l o n e d  E l  g e n e  o f  rubella w h i c h  h a s  a  G C  c o n t e n t  o f  6 7  p e r  
cent. H e  f o u n d  that alkali d e n a t u r a t i o n  p e r m i t t e d  amplification o f  t h e  desired p r o d u c t
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b u t  t h e  u s e  o f  7 - d e a z a  d G T P  in c o m b i n a t i o n  w i t h  he a t  d e n a t u r a t i o n  failed to  p r o d u c e  
a n y  visible p r o d u c t  in a n  e t h i d i u m  b r o m i d e  stained a g a r o s e  gel. T h e  u s e  o f  M M H  to 
d e n a t u r e  R N A  t e m p l a t e ;  alkali t o  d e n a t u r e  D N A  t e m p l a t e ;  h i g h e r  d e n a t u r a t i o n  a n d  
a n n e a l i n g  t e m p e r a t u r e s  in c o m b i n a t i o n  w i t h  V e n t  p o l y m e r a s e  a n d  p r i m e r s  w i t h  h i g h e r  
m e l t i n g  t e m p e r a t u r e s ,  all p r o v i d e  alternative w a y s  in w h i c h  t h e  p r o b l e m  o f  R T - P C R  
amplification o f  t h e  'eP' f r a g m e n t  m a y  b e  o v e r c o m e  in future w o r k .
D N A  s e q u e n c e  c o m p a r i s o n s
T h e  n u c l e o t i d e  s e q u e n c e  o f  9 7  p e r  c e n t  o f  t h e  N S  c o d i n g  r e g i o n  o f  t h e  T h o m a s  a n d  
C e n d e h i l l  g e n o m e s  w a s  c o m p a r e d  w i t h  that o f  T h e r i e n  a n d  M 3  3. It s h o u l d  b e  n o t e d  
h e r e  that t h e  c o m p a r i s o n s  w i t h  t h e  M 3 3  s e q u e n c e  in t h e  G e n B a n k  d a t a b a s e  ( A c c e s s i o n  
n u m b e r  X 7 2 3 9 3 B )  t e r m i n a t e d  at n u c l e o t i d e  6 2 9 5 ,  since t h e  reliability o f  t h e  s e q u e n c e  
d a t a  b e y o n d  h e r e  is in question. It is i n d e e d  m a r k e d l y  different f r o m  that p u b l i s h e d  for 
t h e  e q u i v a l e n t  o v e r l a p p i n g  r e g i o n  o f  t h e  s u b g e n o m i c  R N A  o f  M 3  3 f r o m  t h e  s a m e  g r o u p  
( C l a r k e  et al, 198 7 ) .  C o m p a r i s o n s  w i t h  M 3 3  r e v e a l e d  t h e  high e s t  n u m b e r  o f  n u c l e o t i d e  
c h a n g e s ,  b e t w e e n  1 3 7  t o  1 5 4  ( T a b l e  4.3.a), a l t h o u g h  m o s t  o f  t h e s e  p r o v e d  t o  b e  silent. 
T h e r e  ar e  8 4  n u c l e o t i d e  differences b e t w e e n  T h e r i e n  a n d  T h o m a s ,  3 9  b e t w e e n  T h e r i e n  
a n d  C e n d e h i l l  a n d  6 3  b e t w e e n  T h o m a s  a n d  Cendehill. H o w e v e r ,  m a n y  o f  t h e s e  are 
silent a n d  translate into differences o f  17, 1 6  a n d  9  a m i n o  acids, respectively ( T a b l e
4.3.b). T w o  N S  prot e i n  c o d i n g  r e g i o n s  o f  t h e  R V  g e n o m e  s h a r e  h o m o l o g y  w i t h  t h e  
alphaviruses. H o w e v e r ,  n o  n u c l e o t i d e  c h a n g e s  o c c u r  in t h e  r e g i o n  h o m o l o g o u s  to  t h e  
h igh l y  c o n s e r v e d  alphavirus s u b g e n o m i c  R N A  start site (nucle o t i d e s  6 3 8 4  to  6 4 1 3 ,  
F i g u r e  1.5. B )  a n d  in t h e  m e t h y l t r a n s f e r a s e  d o m a i n ,  a l t h o u g h  the r e  is a  n u c l e o t i d e  c h a n g e  
in T h o m a s  (position 2 2 9 )  in t h e  r e g i o n  w h i c h  shar e s  5 0  p e r  c e n t  h o m o l o g y  w i t h  a  5 1 -  
n u c l e o t i d e  c o n s e r v e d  alphavirus s e q u e n c e  (nucleotides 1 5 6  to  2 0 7 ,  F i g u r e  1.5. A ) ,  this is 
a  silent c h a n g e .  T h e  c o n s e r v a t i o n  o f  s e q u e n c e  in t h e s e  t w o  r e g i o n s  w i t h i n  t h e  R V  
strains a n a l y s e d  s u p p o r t s  t h e  h y p o t h e s i s  that t h e y  p l a y  i m p o r t a n t  functional roles in viral 
replication.
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N u c l e o t i d e  d i f f e r e n c e s  specific to  C e n d e h i l l  R V
E i g h t  n u c l e o t i d e s  specific to C e n d e h i l l  R V  w e r e  identified. S u c h  n u c l e o t i d e s  m a y  
p r o v e  to  b e  useful m a r k e r s  for t h e  C e n d e h i l l  strain a n d  a l t h o u g h  t h e y  a r e  s p r e a d  
t h r o u g h o u t  t h e  N S  p r o t e i n  c o d i n g  r e g i o n  o f  t h e  R V  g e n o m e ,  t h r e e  o c c u r  w i t h i n  t h e  
r e g i o n  (the ' F  f r a g m e n t ,  n u c l e o t i d e s  2 6 3 5  to  3 6 6 0 )  amplified b y  P C R  p r i m e r s  F P C R  a n d  
R T 7 q  ( T a b l e  3.3.). U s i n g  t h e s e  primers, this R T - P C R  s y s t e m  c o u l d  b e  u s e d  to 
d e t e r m i n e  w h e t h e r  t h e  t h r e e  n u c l e o t i d e s  o c c u r  in t h e  o t h e r  v a c c i n e  strains o r  w h e t h e r  
t h e y  ar e  u n i q u e  t o  Cendehill. T h e  s e q u e n c e  o f  th e  'A/B' f r a g m e n t  ( F i g u r e  3.2., 
n u c l e o t i d e s  1 8  t o  5 4 0 )  w a s  d e t e r m i n e d  for a  b r o a d e r  r a n g e  o f  R V  strains to  identify t h e  
p r e s e n c e  o f  a n y  s u c h  m a r k e r s  a n d  t h e  findings o f  this w o r k  are d e s c r i b e d  in C h a p t e r  5.
A n a l y s i s  o f  v a r i a t i o n  in a m i n o  a c i d  s e q u e n c e s  b e t w e e n  R V  s trains
RNA polymerase domain 
T h e  a m i n o  acid differences s e e n  b e t w e e n  positions 1 6 9 3  a n d  1 6 9 8  o f  t h e  M 3 3  R N A  
p o l y m e r a s e  d o m a i n  i n v o l v e  t w o  insertions, o n e  c o n s e r v a t i v e  substitution a n d  thr e e  
deletions w h i c h  c o u l d  h a v e  a  m a r k e d  effect o n  t h e  structure a n d  f u n c t i o n  o f  this protein. 
I n  particular, t h e  insertion o f  a  proline r e s i d u e  w h i c h  is m o s t  o f t e n  f o u n d  in turns a n d  
o c c a s i o n a l l y  p r o d u c e s  a n  a b r u p t  reversal o f  t h e  p o l y p e p t i d e  direction ( D a r b y  a n d  
C r e i g h t o n ,  1 9 9 3 ) .  A l t h o u g h  future studies u s i n g  r e c o m b i n a n t  p roteins a n d  site-directed 
m u t a g e n e s i s  c o u l d  b e  directed at a s sessing t h e  effects o f  s u c h  c h a n g e s  t o  t h e  protein, 
verification o f  t h e  n u c l e o t i d e  s e q u e n c e  in this r e g i o n  o f  t h e  M 3  3 R V  g e n o m e  is r e q u i r e d  
first, for t w o  reasons. Firstly, t h e  h i g h  d e g r e e  o f  s e q u e n c e  variation s e e n  in this r e g i o n  is 
n o t  f o u n d  in o t h e r  R V  strains. It is n o t  s e e n  e l s e w h e r e  in t h e  g e n o m e  a n d  i n d e e d  w h e n  
t h e  a m i n o  acid s e q u e n c e s  f r o m  t h e  R N A  p o l y m e r a s e  d o m a i n s  o f  T h e r i e n ,  T h o m a s  a n d  
C e n d e h i l l  strains a l o n e  are c o m p a r e d ,  this d o m a i n  a p p e a r s  t o  b e  o n e  o f  t h e  m o s t  highly 
c o n s e r v e d .  S e c o n d l y ,  a n o t h e r  r e g i o n  o f  t h e  M 3 3  s e q u e n c e  ( f r o m  n u c l e o t i d e  6 2 9 6  to 
6 6 0 0 )  is also m a r k e d l y  different f r o m  o t h e r  R V  strains a n d  i n c l u d e s  a  r e g i o n  w h i c h  is in 
d i s a g r e e m e n t  w i t h  t h e  o v e r l a p p i n g  M 3 3  s u b g e n o m i c  c D N A  s e q u e n c e  d a t a  p u b l i s h e d  b y
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t h e  s a m e  g r o u p  ( C l a r k e  et al, 1987, s e e  a b o v e  u n d e r  D N A  s e q u e n c e  c o m p a r i s o n s ) .
D e s p i t e  t h e  h i g h  d e g r e e  o f  s e q u e n c e  c o n s e r v a t i o n  b e t w e e n  T h e r i e n ,  T h o m a s  a n d  
C e n d e h i l l  strains, t h e  o n l y  difference that d o e s  o c c u r  in this d o m a i n ,  m a y  b e  significant. 
It i n v o l v e s  a  n o n - c o n s e r v a t i v e  substitution o f  cysteine for arginine in C e n d e h i l l  at 
position 1 9 7 7 .  T h i s  substitution o c c u r s  w i t h  relatively l o w  f r e q u e n c y  as  indicated b y  t h e  
v a l u e  o f  4  in t h e  L O M D  ( A p p e n d i x  2). A r g i n i n e  is a  m u c h  larger m o l e c u l e  t h a n  
cysteine. It h a s  a  positively c h a r g e d  hydro p h i l i c  side chain, w h e r e a s  cysteine h a s  a n  
u n c h a r g e d  h y d r o p h o b i c  side g r o u p .  M o r e  importantly, a  cysteine r e s i d u e  h a s  t h e  
potential t o  f o r m  a  disul p h i d e  b o n d  w i t h  a  cysteine e l s e w h e r e  in t h e  polyp e p t i d e .  T h e  
p r o d u c t i o n  o f  s u c h  a  c r o s s  link b e t w e e n  a n y  o n e  o f  a  n u m b e r  o f  side c h a i n s  w o u l d  
i n t r o d u c e  different tertiary structure in t h e  p rotein affecting t h e  overall t o p o l o g y  o f  t h e  
d o m a i n .
RNA helicase domain 
T h e  n o n - c o n s e r v a t i v e  substitutions o f  leucine for serine (in M 3  3  at position 1 5 8 2 )  
a n d  alanine for arginine (in T h o m a s ,  C e n d e h i l l  a n d  M 3  3  at position 1 4 0 2 )  in this d o m a i n  
r e p r e s e n t  c h a n g e s  w h i c h  o c c u r  w i t h  relatively l o w  f r e q u e n c y  ( L O M D  v a l u e s  o f  5  a n d  6). 
I n  t h e  f o r m e r ,  leucine h a s  a  n o n p o l a r ,  h y d r o p h o b i c  side c h a i n  a n d  is m o s t  likely to  b e  
f o u n d  in t h e  prot e i n  interior, w h e r e a s  serine h a s  a n  u n c h a r g e d  p o l a r  side g r o u p  a n d  is 
rarely f o u n d  in t h e  interior o f  a  protein. In  t h e  latter, alanine is a  m u c h  smaller m o l e c u l e  
t h a n  arginine a n d  h a s  a  n o n p o l a r  h y d r o p h o b i c  side g r o u p ,  w h e r e a s  arginine h a s  a  
positively c h a r g e d  h y d r o p h i l i c  side g r o u p .  A s  a  c o n s e q u e n c e  alanine is m o r e  likely to  b e  
f o u n d  in t h e  interior o f  a  prot e i n  a n d  arginine o n  t h e  exterior. B o t h  n o n - c o n s e r v a t i v e  
substitutions m a y  h a v e  a n  effect o n  t h e  s e c o n d a r y  structure o f  t h e  R N A  helicase protein 
o f  M 3  3 a n d  in T h o m a s  a n d  T h e r i e n  strains t h e  latter substitution a l o n e  m a y  alter t h e  
local protein s e c o n d a r y  structure.
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Papain-like protease domain 
T h e  single n o n - c o n s e r v a t i v e  substitution w h i c h  o c c u r s  in this d o m a i n  i n v o l v e s  t h e  
substitution o f  t h r e o n i n e  (in T h o m a s  at p osition 1 1 1 6 )  for m e t h i o n i n e .  T h i s  substitution 
h a s  a  L O M D  v a l u e  o f  7  w h i c h  is c l o s e  t o  t h e  c ut-off poi n t  for c o n s e r v a t i v e  c h a n g e s .  
T h r e o n i n e  h a s  a  p o l a r  u n c h a r g e d  side g r o u p  a n d  is slightly smal l e r  t h a n  m e t h i o n i n e  
w h i c h  h a s  a  n o n p o l a r  h y d r o p h o b i c  side g r o u p .  B o t h  r esidues are likely t o  b e  f o u n d  in 
t h e  p r o t e i n  interior. It is unlikely that this c h a n g e  w o u l d  h a v e  m u c h  i m p a c t  o n  t h e  
s e c o n d a r y  structure o f  t h e  papain-like p r o t e a s e  d o m a i n .
X  domain
T h e  single n o n - c o n s e r v a t i v e  substitution w h i c h  o c c u r s  in this d o m a i n ,  i n v o l v e s  t he 
substitution o f  arginine (in M 3 3  at position 9 2 9 )  for a  cysteine. T h i s  substitution o c c u r s  
w i t h  relatively l o w  f r e q u e n c y  ( L O M D  v a l u e  o f  4 )  a n d  for th e  r e a s o n s  d i s c u s s e d  a b o v e ,  
u n d e r  RNA polymerase domain, this particular substitution m a y  h a v e  a  p r o f o u n d  effect 
o n  t h e  structure o f  t h e  protein. M o r e  significantly, t h e  substitution o c c u r s  o n l y  t w o  
a m i n o  acid r esidues u p s t r e a m  f r o m  a n  a r e a  w h i c h  m a y  f u n c t i o n  as a n  active site for the 
papain-like p r o t e a s e  since it c o n t a i n s  five resi d u e s  c o n s e r v e d  a m o n g  eight R N A  viruses 
a n a l y s e d  ( F i g u r e  1.9.). If this is so, it is quite likely that t h e  structural alterations c a u s e d  
b y  this substitution will affect t h e  f u n c t i o n  o f  this d o m a i n .
Proline-rich hinge domain (partial)
T h e  o n l y  n o n - c o n s e r v a t i v e  c h a n g e  in this d o m a i n  h a s  a  L O M D  v a l u e  o f  5 a n d  
i n v o l v e s  t h e  substitution o f  a  leucine (in M 3  3 at position 7 1 6 )  for a  serine. F o r  r e a s o n s  
d i s c u s s e d  a b o v e ,  u n d e r  RNA helicase domain, this substitution in M 3  3  c o u l d  effect a  
c h a n g e  w i t h i n  t h e  s e c o n d a r y  structure o f  this d o m a i n .
Y Domain
T h e  t w o  c h a n g e s  w h i c h  o c c u r  in this d o m a i n  are b o t h  c o n s e r v a t i v e  a n d  are unlikely 
t o  h a v e  a  significant effect o n  t h e  structure o f  t h e  protein.
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Methyltransferase domain
T h e  o n l y  c h a n g e  t o  o c c u r  in this d o m a i n  is a  n o n - c o n s e r v a t i v e  o n e  a n d  i n v o l v e s  t h e  
substitution o f  a n  arginine for a  glycine in T h o m a s  at position 2 0 4 .  A r g i n i n e  h a s  a  
positively c h a r g e d ,  hydro p h i l i c  side g r o u p  a n d  is m u c h  b i g g e r  t h a n  gly c i n e  w h i c h  h a s  n o  
side g r o u p .  T h e  latter is f o u n d  p r e d o m i n a n t l y  in t h e  p rotein interior a n d  oft e n  in tight 
turns, w h e r e a s  t h e  f o r m e r  rarely o c c u r s  in t h e  interior o f  a  protein. T h e  L O M D  v a l u e  o f  
this substitution is 5. T h i s  c h a n g e  c o u l d  affect t h e  s e c o n d a r y  structure o f  this d o m a i n .
T h r e e  o t h e r  n o n - c o n s e r v a t i v e  substitutions, all w i t h  L O M D  v a l u e s  o f  5, o c c u r  
b e t w e e n  t h e  r e g i o n s  identified as t h e  Y  ( F i g u r e  1.12.) a n d  proline-rich h i n g e  d o m a i n s  
( F i g u r e  1.9.). P r o l i n e  is r e p l a c e d  b y  leucine in Cendehill, T h o m a s  a n d  M 3 3  (at position 
554), arginine for glycine in M 3  3 (at position 6 9 6 )  a n d  glycine for arginine in Cendehill, 
T h o m a s  a n d  M 3 3  (at position 714). F o r  r e a s o n s  d i s c u s s e d  a b o v e ,  u n d e r  
Methyltransferase Domain, t h e  t w o  substitutions invo l v i n g  arginine a n d  glycine c o u l d  
alter t h e  s e c o n d a r y  structure o f  t h e  pro t e i n  in this region. T h e  r e p l a c e m e n t  o f  leucine 
for proline m a y  also h a v e  i m p a c t  o n  t h e  structure o f  t h e  p r o t e i n  since leucine h a s  a  
n o n p o l a r ,  h y d r o p h o b i c  side g r o u p  a n d  is m o s t  likely f o u n d  o n  t h e  prot e i n  interior, 
w h e r e a s  a  proline r e s i d u e  h a s  a  cyclic side c h a i n  a n d  is m o s t  likely to b e  f o u n d  in turns. 
T h e s e  c h a n g e s  c o u l d  all result in a n  alteration o f  t h e  s e c o n d a r y  structure o f  t h e  protein.
T h e  o n l y  o t h e r  n o n - c o n s e r v a t i v e  c h a n g e  to o c c u r  o u t s i d e  o f  a  c o n s e r v e d  d o m a i n ,  
i n v o l v e s  t h e  substitution o f  a n  arginine for a  cysteine in T h o m a s  (at position 1 0 0 2 )  
b e t w e e n  t h o s e  r e g i o n s  d e f i n e d  as t h e  X  a n d  papain-like p r o t e a s e  d o m a i n s .  H o w e v e r ,  
since t h e  X  d o m a i n  h a s  b e e n  f o u n d  to d a t e  exclusively in association w i t h  putative viral 
papain-like p r o t e a s e s  ( G o r b a l e n y a  et al, 1 9 9 1 )  it is likely that this c h a n g e  o c c u r s  w i t h i n  
o n e  p r o t e i n  w h i c h  c o n t a i n s  b o t h  d o m a i n s .  T h i s  substitution is likely to  effect a  c h a n g e  in 
structure o f  t h e  protein for r e a s o n s  d e s c r i b e d  u n d e r  RNA polymerase domain.
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W h e n  c o m p a r i n g  a m i n o  acid s e q u e n c e s  o f  t h e  Cendehill, T h o m a s ,  M 3  3 a n d  T h e r i e n  
strains, particular attention w a s  p a i d  to  n o n - c o n s e r v a t i v e  a m i n o  acid substitutions since 
t h e y  ar e  m o s t  likely t o  alter t h e  structure a n d  f u n c t i o n  o f  a  protein. S e v e n  s u c h  
substitutions o c c u r r e d  in M 3 3 ,  six in T h o m a s  a n d  f o u r  in Cendehill. H o w e v e r ,  t w o  
o t h e r  factors m u s t  also b e  c o n s i d e r e d .  Firstly, unless a m i n o  acid substitutions o c c u r  
w i t h i n  a r e a s  o f  proteins k n o w n  t o  b e  functionally i m p o r t a n t  s u c h  a s  i m m u n o d o m i n a n t  
regions, o r  within, o r  n e a r  active sites, it is v e r y  difficult t o  predict t h e  e x t e n t  t o  w h i c h  
substitutions will alter t h e  f u n c t i o n  o f  proteins. S e c o n d l y ,  t h e  ability t o  detect biological 
differences will d e p e n d  o n  t h e  functional i m p o r t a n c e  o f  t h e  altered d o m a i n .  T h e  n o n ­
c o n s e r v a t i v e  a m i n o  acid substitution in t h e  M 3  3 X  d o m a i n  o c c u r s  n e a r  a  putative active 
site a n d  it m a y  ther e f o r e  alter t h e  functional c a p a c i t y  o f  t h e  d o m a i n .  H o w e v e r ,  this is 
n o t  reflected in t h e  g r o w t h  rate o f  t h e  virus in vitro. Little difference is seen, in t h e  
g r o w t h  characteristics o f  M 3 3  a n d  T h e r i e n  R V  strains ( C h a n t l e r  et al, 1 9 9 3 ) .  I n d e e d ,  
w h e n  t h e  g r o w t h  o f  T h e r i e n ,  M 3 3 ,  Cendehill, R A 2 7 / 3  a n d  H P V 7 7 / D E 5  strains in V e r o  
cells is c o m p a r e d ,  t h e  g r o w t h  c u r v e  o f  T h e r i e n  is closest t o  that o f  M 3 3 .  D e t a i l e d  
functional studies, p e r h a p s  u s i n g  a  r e c o m b i n a n t  v e r s i o n  o f  t h e  particular protein, w o u l d  
b e  r e q u i r e d  in s o m e  c a s e s  to detect t h e  functional effects o f  certain m u t a t i o n s .  T h e  
a m i n o  acid substitution in t h e  p o l y m e r a s e  d o m a i n  o f  C e n d e h i l l  is o f  a  n o n - c o n s e r v a t i v e  
n a t u r e  a n d  is d i s c u s s e d  b e l o w .  It is possible that t h e  structural alteration c a u s e d  b y  t h e  
n o n - c o n s e r v a t i v e  substitution o f  alanine for arginine in T h o m a s ,  C e n d e h i l l  a n d  M 3  3 
strains c o u l d  h a v e  a n  effect o n  t h e  f u n c t i o n  o f  t h e  R N A  helicase d o m a i n  since it o c c u r s  
o n l y  n i n e  r e s i d u e s  u p s t r e a m  f r o m  a  p utative active site ( m o t i f  II, F i g u r e  1.11.). T h i s  
m a y  b e a r  r e l e v a n c e  t o  t h e  fact that T h e r i e n  g r o w s  to h i g h e r  titres in V e r o  cells t h a n  a n y  
o f  t h e s e  strains a l t h o u g h  t h e  d e g r e e  o f  difference b e t w e e n  T h e r i e n  a n d  M 3  3 is small 
( C h a n t l e r  et al., 199 3 ) .  O f  t h e  o t h e r  c h a n g e s  d e t e c t e d  in t h e s e  studies, n o n e  a p p e a r  t o  
o c c u r  in clo s e  p r o x i m i t y  to  highly c o n s e r v e d  m o t i f s  identified as p u t a t i v e  active sites a n d  
until t h e  functional activities o f  t h e  R V  N S  proteins are elucidated, it is difficult to  assess 
their significance.
Relevance of amino acid changes
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R e l e v a n c e  o f  a m i n o  a c i d  c h a n g e s  to a t t e n u a t i o n
C e n d e h i l l  h a s  b e e n  r e p o r t e d  t o  replicate in V e r o  cells to m u c h  l o w e r  titres t h a n  
rubella w i l d - t y p e  strains s u c h  as T h e r i e n  a n d  M 3 3  ( C h a n t l e r  et. al, 1993). A n t i g e n  
distribution w a s  also r e p o r t e d  to v a r y  in cells infected b y  C e n d e h i l l  o r  w i l d - t y p e  strains. 
A l t h o u g h ,  viral a n t i g e n  a p p e a r e d  in t h e  perinuclear r e g i o n  o f  all cells after 1 2  hours, it 
di d  n o t  a p p e a r  t h r o u g h o u t  t h e  c y t o p l a s m  until later in C e n d e h i l l  infected cells. A l t h o u g h ,  
C h a n t l e r  s u g g e s t s  that t h e s e  differences are d u e  t o  less efficient G o l g i  p r o c e s s i n g  o f  t h e  
C e n d e h i l l  glycoproteins, a  r e d u c e d  functional capac i t y  o f  o n e  o r  m o r e  o f  t h e  viral c o d e d  
replicative proteins m a y  also contr i b u t e  to t h e  s l o w i n g  d o w n  o f  replication rate a n d  t h u s  
l o w e r  v i m s  yields. T h e  m o s t  significant a m i n o  acid c h a n g e  s e e n  in t h e  C e n d e h i l l  strain 
w i t h  r e g a r d  to attenuation m a y  thus, b e  t h e  n o n - c o n s e r v a t i v e  substitution o f  cysteine for 
arginine w i t h i n  t h e  R N A  p o l y m e r a s e  d o m a i n .  It is possible that this c o u l d  affect t h e  
pro t e i n  s e c o n d a r y  structure o r  indeed, tertiary structure s h o u l d  it i n v o l v e  disulphide 
b o n d  f o r m a t i o n .  T h i s  in turn, c o u l d  alter t h e  functional c a p a c i t y  o f  t h e  protein, 
particularly since t h e  substitution o c c u r s  o n l y  t e n  a m i n o  acid r esidues d o w n s t r e a m  f r o m  
t h e  highly c o n s e r v e d  g lycine - aspartic acid - aspartic acid m o t i f  ( m o t i f  V I ,  F i g u r e  1.10.) 
t h o u g h t  to b e  a n  active site o f  t h e  R N A  p o l y m e r a s e  ( K a m e r  a n d  A r g o s ,  198 4 ) .  I n d e e d  
a  p o i n t  m u t a t i o n  (uridine to  cytidine, at position 6 2 0 3 )  in t h e  3 D  p o l y m e r a s e  g e n e  o f  
poliovirus t y p e  1 S a b i n  v a c c i n e  strain w h i c h  results in t h e  substitution o f  histidine for 
tyrosine is t h o u g h t  t o  p l a y  a  role in t h e  attenuation o f  this v i m s  ( C h r i s t o d o u l o u  et al, 
1990). T h e  c o n s e r v a t i v e  n a t u r e  o f  this substitution reinforces t h e  n e e d  to c o n s i d e r  all 
a m i n o  acid substitutions w h i c h  o c c u r  in v a c c i n e  strains only, as potentially i m p o r t a n t  
sites for attenuation. In  this regard, t h e  possibility that t h e  t w o  c o n s e r v a t i v e  
substitutions (at positions 1 0 0 0  a n d  1 1 8 4 )  in C e n d e h i l l  p l a y  a  role in at t e n u a t i o n  c a n n o t  
b e  ignored.
W i t h  r e f e r e n c e  t o  t h e  p e r c e n t a g e  a m i n o  acid h o m o l o g y  o f  t h e  N S  prot e i n  c o d i n g  
r e g i o n  (parts 1 a n d  2  F i g u r e s  4.12.a. a n d  4.12.b.) b e t w e e n  C e n d e h i l l  a n d  w i l d - t y p e  
strains, T h o m a s  R V  a p p e a r e d  to  b e  t h e  m o s t  closely related t o  Cendehill, a n d  M 3  3 th e
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least ( F i g u r e  4.13.). It s h o u l d  b e  n o t e d ,  h o w e v e r ,  that t h e  d e g r e e  o f  difference b e t w e e n  
t h e  R V  strains a n a l y s e d  is v e r y  small, r a n g i n g  f r o m  1.7 p e r  c e n t  ( b e t w e e n  T h e r i e n  a n d  
M 3 3 )  t o  0 . 4  p e r  c e n t  ( b e t w e e n  C e n d e h i l l  a n d  T h o m a s ) .  A s  m o r e  s e q u e n c e  d a t a  
e m e r g e s ,  it will b e  interesting to  s e e  if t h e  c h a n g e s  identified in C e n d e h i l l  ar e  p r e s e n t  in 
o t h e r  a t t e n u a t e d  strains s u c h  as R A 2 7 / 3 . A l t h o u g h ,  generally g r o w i n g  t o  h i g h e r  titres, 
C h a n t l e r  et al ( 1 9 9 3 )  f o u n d  t h e  g r o w t h  c u r v e  o f  t h e  R A 2 7 / 3  strain to b e  closest to 
Cendehill.
O t h e r  f i n d i n g s  f r o m  t h e s e  s t u d i e s
A  significant difference b e t w e e n  R V  strains m a y  b e  that in addition to th e  t w o  o p a l  
( U G A )  t e r m i n a t i o n  c o d o n s  (at n u c l e o t i d e s  6 6 5 6  a n d  6 6 6 8 )  w h i c h  m a t c h  t h o s e  f o u n d  in 
T h e r i e n ,  the r e  is a  third o n e  u p s t r e a m  in t h e  T h o m a s  a n d  C e n d e h i l l  strains (at n u c l e o t i d e  
6 3 8 0 ) .  If translation in e a c h  o f  t h e s e  strains t e r m i n a t e s  at t h e  first t e r m i n a t i o n  c o d o n ,  
t h e  N S  p o l y p r o t e i n  p r o d u c e d  b y  T h o m a s  a n d  C e n d e h i l l  w o u l d  b e  9 3  a m i n o  acids shorter 
t h a n  that p r o d u c e d  b y  T h e r i e n .  A s  d i s c u s s e d  in S e c t i o n  1.3.2., t h e  3 '-terminus o f  t h e  N S  
O R F  o v e r l a p s  t h e  5 '-terminus o f  t h e  R V  s u b g e n o m e .  W h e n  s e q u e n c e  d a t a  f r o m  t h e  5' 
e n d  o f  t h e  s u b g e n o m e  o f  R A 2 7 / 3  is e x a m i n e d  in t h e  s a m e  translational r e a d i n g  f r a m e  as 
that u s e d  for t h e  N S  O R F ,  t h r e e  t e r m i n a t i o n  c o d o n s  m a t c h i n g  t h o s e  s e e n  in b o t h  t h e  
T h o m a s  a n d  C e n d e h i l l  strains are s e e n  ( N a k h a s i  et al., 1 9 8 9 ,  F i g u r e  4.15.). T h e  
eq u i v a l e n t  s e q u e n c e s  in t h e  M 3  3  a n d  H P V 7 7  strains s h o w  t h e  p r e s e n c e  o f  t h e  u p s t r e a m  
t e r m i n a t i o n  c o d o n  b u t  n o t  t h e  d o w n s t r e a m  o n e s  ( C l a r k e  et al, 1 9 8 7 ;  Z h e n g  et al, 
1 9 8 9  ). It w o u l d  a p p e a r  that, o f  t h e  s e q u e n c e s  obtained, t h e  T h e r i e n  strain is t h e  o n l y  
o n e  w h i c h  lacks this u p s t r e a m  t e r m i n a t i o n  c o d o n .  T h e  p r e s e n c e  o f  multi p l e  s t o p  c o d o n s  
is n o t  u n u s u a l ,  S i n d b i s  virus also c o n t a i n s  thr e e  closely s p a c e d  t e r m i n a t i o n  c o d o n s  in t he 
j u n c t i o n  r e g i o n  b e t w e e n  t h e  N S  a n d  structural O R F s  (Stra u s s  a n d  Strauss, 1 9 8 6 ) .  It is 
t h o u g h t  that m ultiple s t o p  c o d o n s  are u s e d  b y  s o m e  viruses to  e n s u r e  t h e  c o m p l e t e  
t e r m i n a t i o n  o f  t h e  translation o f  t h e  N S  proteins. T h a t  s u c h  m e a s u r e s  s h o u l d  b e  
r e q u i r e d  to  t e r m i n a t e  translation is d e m o n s t r a t e d  b y  Sind b i s  a n d  M i d d e l b u r g  viruses. I n  
b o t h  v iruses t w o  N S  p o l y p r o t e i n s  are p r o d u c e d ,  t h e  first c o n t a i n s  t h e  s e q u e n c e s  o f  t h r e e
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N S  p roteins n s P l ,  n s P 2 ,  n s P 3  a n d  t e r m i n a t e s  at a n  o p a l  ( U G A )  t e r m i n a t i o n  c o d o n .  T h e  
s e c o n d  is p r o d u c e d  b y  r e a d t h r o u g h  o f  this o p a l  t e r m i n a t i o n  c o d o n  a n d  c o n t a i n s  t h e  
s e q u e n c e s  o f  f o u r  n s  p r oteins n s P l ,  n s P 2 ,  n s P 3  a n d  n s P 4  ( L o p e z  et al., 198 5 ) .  In  this 
w a y  t h e s e  viruses p r o d u c e  n s P 4  in m u c h  smal l e r  quantities a n d  e m p l o y  a n  additional 
t e r m i n a t i o n  c o d o n  in their strategy to  m o d u l a t e  levels o f  a  particular protein. 
R e a d t h r o u g h  o f  t h e  first s t o p  c o d o n  a n d  t e r m i n a t i o n  o f  translation at t h e  s e c o n d  s t o p  
c o d o n  in t h e  Cendehill, R A 2 7 / 3  a n d  T h o m a s  R V  N S  p rotein O R F s  ( F i g u r e  4 . 1 5 )  w o u l d  
result in translation o f  a n  N S  p o l y p r o t e i n  equiv a l e n t  in size to that o f  T herien. 
T e r m i n a t i o n  at t h e  first s t o p  c o d o n  in t h e s e  strains, h o w e v e r ,  w o u l d  result in th e  
translation o f  a n  N S  p o l y p r o t e i n  9 3  a m i n o  acids shorter t h a n  that p r o d u c e d  b y  t h e  
T h e r i e n  strain. I n d e e d ,  w i t h  t h e  H P V 7 7  a n d  M 3 3  R V  strains, t e r m i n a t i o n  o f  t h e  N S  
p r o t e i n  O R F  w o u l d  b e  e x p e c t e d  to  o c c u r  at t h e  first t e r m i n a t i o n  c o d o n  since t h e s e  
strains d o  n o t  h a v e  either o f  t h e  t w o  d o w n s t r e a m  s t o p  c o d o n s .  T h e  significance o f  t h e  
variation in n u m b e r  o f  s t o p  c o d o n s  b e t w e e n  R V  strains is presently u n k n o w n ,  b u t  th e  
o b s e r v a t i o n  h a s  raised a  p o i n t  o f  interest for future studies.
A l t h o u g h ,  t h e  p r o t e a s e  c l e a v a g e  sites w i t h i n  t h e  R V  N S  p o l y p r o t e i n  h a v e  n o t  b e e n  
identified, it is interesting to  n o t e  that the r e  is a n  identical string o f  thr e e  a m i n o  acid 
r e s i d u e s  at t h r e e  positions a l o n g  t h e  N S  O R F  ( Figures 4.9.b a n d  4.10.b). A r g i n i n e  - 
A l a n i n e  - A l a n i n e  o c c u r s  at positions 8 1 3 ,  1 3 3 0  a n d  1 5 8 4  in all f o u r  R V  strains l o o k e d  
at in t h e s e  studies. T h e  first o f  t h e s e  i m m e d i a t e l y  p r e c e d e s  t h e  X  d o m a i n  w h i c h  flanks 
t h e  papain-like protease, t h e  s e c o n d  i m m e d i a t e l y  p r e c e d e s  t h e  helicase d o m a i n  a n d  t h e  
third is f o u n d  at t h e  e n d  o f  t h e  s a m e  d o m a i n ,  t e n  a m i n o  acid r e s i d u e s  u p s t r e a m  o f  t h e  
R N A  p o l y m e r a s e  d o m a i n .  T h e r e  w o u l d  a p p e a r  to  b e  similarities h e r e  w i t h  t h e  p r o p o s e d  
c l e a v a g e  sites o f  t h e  p o l y p r o t e i n  o f  Sind b i s  v i m s .  Strauss et al ( 1 9 8 4 )  r e p o r t e d  that t h e  
p r o b a b l e  site in S i n d b i s  v i m s  for c l e a v a g e  b e t w e e n  n s P 2  a n d  n s P 3  a n d  also n s P l  a n d  
n s P 2  is G l y c i n e  - A l a n i n e  - Alani n e ,  w h e r e  c l e a v a g e  is t h o u g h t  t o  o c c u r  b e t w e e n  t he 
alanine r e s i d u e s  b y  a  v i m s  e n c o d e d  protease. If c l e a v a g e  in t h e  R V  N S  p o l y p r o t e i n  
o c c u r e d  b e t w e e n  t h o s e  alanine r esidues referred to  a b o v e ,  t h e n  this w o u l d  lead to  t h e
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release o f  f o u r  N S  proteins, for w h i c h  s o m e  putative f u n c t i o n s  h a v e  a l r e a d y  b e e n  
as c r i b e d  ( d e s c r i b e d  in detail in S e c t i o n  1.3.2.1.); n s P l  - methyltransferase, n s P 2  - 
protease, n s P 3  - helicase, n s P 4  - R N A  p o l y m e r a s e  a n d  their e s t i m a t e d  m o l e c u l a r  w e i g h t s  
w o u l d  b e  9 0 k D  for n s P l ,  5 7 k D  for n s P 2 ,  2 8 1 c D  for n s P 3 ,  6 8 k D  for n s P 4  T h e r i e n  strain 
a n d  5 8 k D / 6 8 k D  for n s P 4  C e n d e h i l l  a n d  T h o m a s  ( d e p e n d i n g  o n  w h i c h  c o d o n  translation 
is t e r m i n a t e d  at, F i g u r e  4.16.). T h e  c o m b i n e d  e s t i m a t e d  m o l e c u l a r  w e i g h t  o f  n s P l  a n d  
n s P 2  is 1 4 7 k D  w h i c h  is a p p r o x i m a t e l y  e q u a l  in size to th e  1 5 0 k D  R V  N S  p r o c e s s i n g  
p r o d u c t  identified b y  M a r r  a n d  c o l l e a g u e s  ( 1 9 9 4 )  as b e i n g  d e r i v e d  f r o m  t h e  a m i n o -  
t e r m i n a l  t w o - t h i r d s  o f  t h e  N S  O R F .  Similarly, t h e  c o m b i n e d  e s t i m a t e d  m o l e c u l a r  w e i g h t  
o f  n s P 3  a n d  n s P 4  is 9 6 k D  w h i c h  c o u l d  b e  equiv a l e n t  to t h e  9 7 k D  R V  N S  p r o c e s s i n g  
p r o d u c t  identified b y  th e  s a m e  w o r k e r s .
O v e r v i e w
T h e  a i m s  o f  t h e s e  studies h a v e  b e e n  for t h e  m o s t  part fulfilled. 9 7  p e r  c e n t  o f  th e  N S  
p r o t e i n  c o d i n g  r e g i o n  o f  b o t h  t h e  T h o m a s  a n d  C e n d e h i l l  R V  strains h a v e  b e e n  c l o n e d  as 
o v e r l a p p i n g  f r a g m e n t s  a n d  their s e q u e n c e  h a s  b e e n  d e t e r m i n e d .  C o m p a r i s o n s  w i t h  t h e  
s e q u e n c e s  o f  T h e r i e n  a n d  M 3  3 strains h a v e  r e v e a l e d  eight n u c l e o t i d e s  specific t o  t h e  
C e n d e h i l l  strain, t h r e e  o f  w h i c h  c a n  b e  identified b y  amplification w i t h  o n e  set o f  
primers. C o m p a r i s o n s  o f  t h e  d e d u c e d  a m i n o  acid s e q u e n c e s  o f  t h e s e  R V  strains h a v e  
r e v e a l e d  a  n u m b e r  o f  n o n - c o n s e r v a t i v e  substitutions a n d  a l t h o u g h  it m a y  b e  difficult to 
d e c i p h e r  t h e  i m p o r t a n c e  o f  t h e s e  b e t w e e n  w i l d - t y p e  strains, t h e  n o n - c o n s e r v a t i v e  
substitution o f  cysteine for arginine w i t h i n  t h e  R N A  p o l y m e r a s e  d o m a i n  is u n i q u e  to 
C e n d e h i l l  a n d  m a y  b e  in part re s p o n s i b l e  for t h e  s l o w e r  replication rate o f  t h e  C e n d e h i l l  
strain. T h e  s e q u e n c e  c o m p a r i s o n s  p e r f o r m e d  d u r i n g  t h e s e  studies h a v e  also 
d e m o n s t r a t e d  that t h e r e  is o n l y  a  l o w  d e g r e e  o f  s e q u e n c e  variation w i t h i n  t h e  N S  c o d i n g  
r e g i o n  o f  R V  strains. T h e s e  studies h a v e  also r e v e a l e d  a  n u m b e r  o f  interesting points 
a n d  i n d e e d  highlighted q u e s t i o n s  w h i c h  n e e d  to  b e  a n s w e r e d  r e g a r d i n g  t h e  p r o c e s s i n g  
o f  t h e  viral p roteins o f  R V .  It is to b e  h o p e d  that t h e  o v e r l a p p i n g  c l o n e s  g e n e r a t e d
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FIGURE 4.16.
T H E  PUTATIVE C L E A V A G E  SITES O F  T H E  R V  NS PROTEIN O R F
Putative cleavage sites5Wninc-ah>i.ii.c-aia.ii.ie) 
1 2 3
NS PROTEIN ORF
’nsPl’
(90kD) ’nsP2’
(57kD) ’nsP3*
(28kD)
* 1 is at a m i n o  ac i d  8 1 3
2  is at a m i n o  acid 1 3 3 0
3  is at a m i n o  acid 1 5 8 4
Termination codon
Putative methyltransferase domain 
’Y’ domain
Proline-rich hinge domainD
’nsP4’
(58/68kD)
’X’ domain linked to viral papain-like proteases
Putative papain-like protease domain
Putative RNA helicase domain
Putative RNA polymerase domain 
Conserved sub-genomic start site
FIGURE 4.16. Notes
The positions of the putative cleavage sites arc numbered according to Dominguez et <7/. (1990). The 
estimated molecular weights of the NS proteins of RV are given in parenthesis.
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d u r i n g  t h e s e  studies will facilitate futu r e  studies w h i c h  will b e  d i s c u s s e d  in m o r e  detail in 
C h a p t e r  7.
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C H A P T E R  5.
S E Q U E N C E  V A R I A T I O N  A T  T H E  5' E N D  O F  T H E
R V  G E N O M E .
214
5.1. Introduction
A l t h o u g h  C h a p t e r  4  e x a m i n e d  s e q u e n c e  variation w i t h i n  t h e  N S  c o d i n g  r e g i o n  a n d  
part o f  t h e  5' N C  r e g i o n  o f  t h e  R V  g e n o m e ,  o n l y  o n e  v a c c i n e  a n d  t h r e e  w i l d - t y p e  strains 
w e r e  e x a m i n e d .  I n  o r d e r  that a  larger n u m b e r  o f  strains c o u l d  b e  c o m p a r e d ,  o n e  pair o f  
p rim e r s ,  R T 1  a n d  P C R B  ( T a b l e  3.3.), w e r e  u s e d  t o  a m p l i f y  t h e  g e n o m i c  r e g i o n  ('A/B', 
F i g u r e  3.2.) c o n t a i n i n g  n u c l e o t i d e s  1 8  to 5 4 0  o f  a  further t h r e e  v a c c i n e  strains; 
H P V 7 7 . D E 5 ,  T O - 3 3 6  a n d  R A 2 7 / 3 ,  a n d  t w o  w i l d - t y p e  strains; R B - 1  a n d  M a c h a d o .  
T h i s  a r e a  o f  t h e  R V  g e n o m e  c o n t a i n s  part o f  t h e  5' N C  r e g i o n  a n d  t h e  start o f  t h e  N S  
pr o t e i n  O R F .  C h a p t e r  5 describes t h e  amplification, c l o n i n g  a n d  s e q u e n c i n g  o f  t h e s e  
f r a g m e n t s  a n d  c o m p a r e s  their s e q u e n c e s  t o  t h o s e  o f  t h e  e q u i v a l e n t  r e g i o n  in t h e  f o u r  R V  
strains ( T h o m a s ,  T h e r i e n ,  C e n d e h i l l  a n d  M 3 3 )  studied in C h a p t e r  4. O n e  a i m  o f  t h e s e  
studies w a s  to  identify a n y  vaccine-strain-specific nucleotides. T h e  g e n o m i c  r e g i o n  
t a r g e t e d  c o n t a i n s  2 3  n u c l e o t i d e s  w h i c h  r e p r e s e n t  t h e  m a j o r  part o f  t h e  5' N C  r e g i o n  o f  
R V  a n d  like t h e  5' N C  r e g i o n s  o f  all thr e e  S a b i n  v a c c i n e  strains o f  poliovirus, this r e g i o n  
m a y  c o n t a i n  d e t e r m i n a n t s  o f  a t t e n u a t i o n  ( A l m o n d ,  1991). T h e  m u t a t i o n s  i n v o l v e d  in 
this r e g i o n  o f  poliovirus are t h o u g h t  to  disrupt R N A  s e c o n d a r y  structure i m p o r t a n t  for 
t h e  initiation o f  viral replication ( A n d i n o  et al, 1 9 9 0 ;  S k i n n e r  et al, 1 9 8 9 ) .  S t e m - a n d -  
l o o p  structures c a n  b e  f o r m e d  b y  part o f  t he 5' N C  r e g i o n  a n d  t h e  start o f  t h e  N S  c o d i n g  
r e g i o n  o f  t h e  R V  g e n o m e  ( S e c t i o n  1.3.2.1. a n d  F i g u r e  1.6.) a n d  t h e s e  m a y  b e  
susceptible to  a t t enuating m u t a t i o n s  similar to  t h o s e  identified in t h e  poliovirus v a c c i n e  
strains. A n y  a m i n o  acid substitutions at t h e  5' e n d  o f  t he N S  c o d i n g  r e g i o n  o f  t h e  R V  
g e n o m e  o f  t h e  n i n e  strains will also b e  identified a n d  a s s e s s e d  w i t h  particular refer e n c e  
t o  their possible roles in attenuation. Identification o f  a n y  n u c l e o t i d e s  w h i c h  p e r m i t  
distinction b e t w e e n  v a c c i n e  a n d  w i l d - t y p e  strains a n d  t h u s  act as m a r k e r s  for v a c c i n e  
strains m a y  also p r o v i d e  v a l u a b l e  i n f o r m a t i o n  for r e a s o n s  d i s c u s s e d  further in S e c t i o n
5.3. a n d  C h a p t e r  7.
A  further objective o f  t h e s e  studies w a s  to identify a  p r i m e r  pair c a p a b l e  o f  p r i m i n g  
t h e  amplification o f  a  t a r g e t e d  g e n o m i c  r e g i o n  f r o m  a  variety o f  R V  strains s o  that t h e y
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w o u l d  b e  suitable for u s e  in R T - P C R  studies a i m e d  at d e t e c t i o n  o f  R V  in clinical 
s a m p l e s .  P r i m e r s  R T 1  a n d  P C R B  w e r e  successfully u s e d  to  a m p l i f y  their t a r g e t e d  
r e g i o n  ('A/B', F i g u r e  3.2.) f r o m  C e n d e h i l l  a n d  T h o m a s  R V  g e n o m e s  ( C h a p t e r  4) a n d  t he 
results f r o m  t h e  amplification reactions in this C h a p t e r  will b e  u s e d  t o  assess their 
suitability for u s e  in s u c h  studies.
T h e  d e g r e e  o f  s e q u e n c e  variation s e e n  in n u c l e o t i d e s  1 8  t o  5 4 0  o f  t h e  n i n e  R V  
g e n o m e s  s t u d i e d  will b e  d i s c u s s e d  in C h a p t e r  7, w h e r e  c o m p a r i s o n s  will b e  m a d e  w i t h  
t h e  d e g r e e  o f  variation s e e n  in s e q u e n c e s  f r o m  parts 1 a n d  2  o f  t h e  N S  g e n o m i c  c o d i n g  
r e g i o n s  (defi n e d  in F i g u r e s  4.9.a  a n d  4.9.b) a n d  also w i t h  that s e e n  in t h e  E l  c o d i n g  
r e g i o n  o f  R V  ( F r e y  a n d  A b e r n a t h y ,  1993 ) .
5.2. E x p e r i m e n t a l  w o r k
All t h e  bas i c  m e t h o d s  u s e d  in this C h a p t e r  ar e  d e s c r i b e d  in C h a p t e r  2.
5.2.1. A m p l i f i c a t i o n  o f  R V  g e n o m i c  r e g i o n  ’A / B ’ ( n u c l e o t i d e s  1 8  to  5 4 0 )
T h e  amplification o f  this r e g i o n  o f  T h o m a s ,  M a c h a d o  a n d  C e n d e h i l l  R V  strains h a s  
b e e n  d e s c r i b e d  in S e c t i o n s  3.3. a n d  3.4. F o r  all o t h e r  R V  strains ( H P V 7 7 . D E 5 ,  
T O - 3 3 6 ,  R A 2 7 / 3 ,  R B - 1  a n d  M a c h a d o )  i n v o l v e d  in this study, t h e  R N A  t e m p l a t e  u s e d  
for amplification reactions w a s  e x t r a c t e d  f r o m  c r u d e  virus pellets a s  outlined in S e c t i o n  
2.2.5.2. U s i n g  R N A  at thr e e  concentrations, r e v e r s e  transcription a n d  P C R  reactions 
w e r e  p e r f o r m e d  a s  d e s c r i b e d  in S e c t i o n  3.4., e x c e p t  that a  m a g n e s i u m  c o n c e n t r a t i o n  o f  
1 . 5 m M  w a s  u s e d  t h r o u g h o u t .  F o l l o w i n g  electrophoresis in 2  p e r  c e n t  a g a r o s e  gels, 
staining a n d  p h o t o g r a p h y  as d e s c r i b e d  in S e c t i o n  2.2.11., b a n d s  o f  des i r e d  size w e r e  
visualised in gels c o n t a i n i n g  t h e  a m plified p r o d u c t s  o f  all o f  t h e  R V  strains d e s c r i b e d  in 
T a b l e  2.1. ( D a t a  n o t  s h o w n ) .  R e s u l t s  f r o m  t h e  amplification o f  t h e  'A/B' f r a g m e n t s  o f  
T h o m a s ,  M a c h a d o  a n d  C e n d e h i l l  R V  strains c a n  b e  s e e n  in F i g u r e s  3.3., 3.4., 3.5., 3.6. 
a n d  3.8.
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5.2.2. Cloning of amplified cDNA fragments
T h e  'A/B' f r a g m e n t s  o f  all R V  strains w e r e  c l o n e d  u s i n g  t h e  T A  c l o n i n g  kit as 
d e s c r i b e d  in S e c t i o n  2.2.13.6. R e c o m b i n a n t  c l o n e s  w e r e  s c r e e n e d  a s  detailed in S e c t i o n  
2.2.14. a n d  E c o  R I  restriction digests ( S e c t i o n  2.2.16.) p e r f o r m e d  to c o n f i r m  that 
c l o n e d  c D N A  o f  t h e  correct size w a s  present.
5.2.3. D N A  s e q u e n c i n g  o f  c l o n e d  r u b e l l a  c D N A s .
R e c o m b i n a n t  p C R I I  c l o n e s  c o n t a i n i n g  inserted c D N A  o f  t h e  corr e c t  size, w e r e  
s u b j e c t e d  t o  c o n f i r m a t o r y  s e q u e n c i n g  (see S e c t i o n  4,2.4.) u s i n g  t h e  (-40) U n i v e r s a l  
p r i m e r  a n d  s e q u e n c e  r eaction c o n d i t i o n s  for r e a d i n g  close t o  t h e  p r i m e r  ( S e c t i o n
2.2.17.3.). F o l l o w i n g  c o n f i r m a t o r y  s e q u e n c i n g ,  t h e  M . 1 3  r e v e r s e  p r i m e r  w a s  u s e d  to 
d e t e r m i n e  s e q u e n c e  at t h e  o p p o s i t e  e n d  o f  t h e  inserted c D N A  as d e s c r i b e d  in S e c t i o n
2.2.17.4. T h e  S e q u e n a s e  V e r s i o n  2 . 0  kit w a s  u s e d  for all o f  t h e s e  reactions. T h e  entire 
s e q u e n c e  o f  e a c h  target r e g i o n  w a s  o b t a i n e d  in duplicate f r o m  t w o  c l o n e s  a n d  w h e r e  a  
b a s e  difference o c c u r r e d ,  a  third c l o n e  w a s  s e q u e n c e d  a n d  t h e  c o n s e n s u s  o f  t h e  three 
s e q u e n c e s  taken.
5.2.4. N u c l e o t i d e  a n d  a m i n o  a c i d  c o m p a r i s o n s
S e q u e n c e  d a t a  w a s  a s s e m b l e d  a n d  a n a l y s e d  as  d e s c r i b e d  in S e c t i o n  4.2.4. T h e  
ampli f i e d  f r a g m e n t s  w e r e  all c o n f i r m e d  t o  b e  t h o s e  o f  t h e  target r e g i o n  a n d  t h e  
r e m a i n i n g  D N A  s e q u e n c e  o f  e a c h  d e t e r m i n e d .  In  F i g u r e  5.1., t h e  n u c l e o t i d e  a n d  
d e d u c e d  a m i n o  acid s e q u e n c e s  o f  e a c h  R V  strain are s h o w n ;  A )  R B - 1 ,  B )  M a c h a d o ,  C )  
H P V 7 7 . D E 5 ,  D )  T O - 3 3 6  a n d  E )  R A 2 7 / 3 .  T h e s e  s e q u e n c e s  w e r e  c o m p a r e d  to t h e  
eq u i v a l e n t  s e q u e n c e s  in t h e  T h o m a s ,  T h e r i e n  a n d  C e n d e h i l l  strains u s i n g  t h e  Clustal V  
p r o g r a m .  F i g u r e  5.2. s h o w s  t h e  c o m p a r i s o n  o f  n u c l e o t i d e  s e q u e n c e s  a n d  F i g u r e  5.3. 
s h o w s  t h e  c o m p a r i s o n  o f  d e d u c e d  a m i n o  acid s e q u e n c e s .  T h e  p e r c e n t a g e  h o m o l o g i e s  o f  
n u c l e o t i d e s  a n d  a m i n o  acids o f  all o f  t h e s e  strains are s h o w n  in T a b l e s  5.1. a n d  5.2. T h e
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FIGURE 5.1.
NUCLEOTIDE AND DEDUCED AMINO ACID SEQUENCES OF AN AREA CONTAINING 
PART OF THE 5r NONCODING REGION AND THE START OF THE NS PROTEIN ORF
A )  R B - 1
18 CCTCGCTTAGGACTCCTATTCCCATGGAGAAGCTCCTAGATGAGGTTCTTGCCCCCGGTG
M E K L L D E V L A P G  12
THE 5* EN D O F  TH E R V  G E N O M E
GGCCTTATAACTTGACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
1 3 G P Y N L T V G S W V R D H V R S I V E  32
GCGCGTGGGAAGTGCGCGATGTTGTTACCGCTGCCCAAAAGCGGGCCATCGTGGCCGTGA 
3 3 G A W E V R D V V T A A Q K R A I V A V  52
TACCCAGACCTGTGTTCACGCAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTT 
5 3 I P R P V F T Q  M Q V S D H P A L H A I  72
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W  I E W G P K E A L H V L  92
TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCAC 
9 3 I D P S  P G L  L R E V A R V E R R W V A  112
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCCAGCGAGG 
1 1 3 L C L H R T A R K L A T A L A E T A S E  132
CGTGGCACGCTGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
1 3 3 A W H A D Y V C A L R G A P S G P F Y V  152
ACCCTGAGGACGTCCCGCACGGCGGTCGCGCCGTGGCGGACAG 540 
153 H P E D V P H G G R A V A D  166
B )  M a c h a d o
18 CCTCGCTTAGGACTCCTATTCCCATGGAGAAACTCCTAGATGAGGTTCTTGCCCCCGGTG
M E K L L D E V L A P G  12
GGCCTTATAACTTGACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
13G P Y H  L T V  G S  W V R D H V R S  I V E  32
GCGCGTGGGAAGTGCGCGATGTTGTTACCGCTGCCCAAAAGCGGGCCATCGTAGCCGTGA 
3 3 G A W E V R D V V T A A Q K R A I V A V  52
TACCCAGACCTGTGTTCACGCAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTT 
5 3 I P R P V F T Q  M Q V S D H P A L H A I  72
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W  I E W G P K E A L H V L  72
TCGACCCGAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCAC 
93 I D P S  P G  L L R E V  A R V E R R W V A  U2
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCTAGTGAGG 
1 1 3 L C L H R T A R K L A T A L A E T A S E  132
CGTGGCATGCCGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
133 A W H A D Y V C A L R G A P S G P F Y V  152
ACCCTGAGGACGTCCCGCGCGGCGGTCGCGCCGTGGCGGACAG 540 
153 H P E D V P R G G R A V A D  166
218
C) IIPV77.DE5
18 CCTCGCTTAGGACTCCCATTCCCATGGAGAAACTCCTAGATGAGGTTCTTGCCCCCGGTG
M E K L L D E V L A P G  12
GGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
13 G P  Y N  L T V  G S W V R D H V R S  I V E  32
GCGCGTGGGAAGTGCGCGATGTTGTTACCGCTGCCCAAAAGCGGGCCATCGTAGCCGTGA 
3 3 G A W E V  R D  V V  T A A Q K R A  X V A V  52
TACCCAGACCTGTGTTCACGCAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTT 
5 3 I P R P V F T Q  M Q V S D H P A L H A  I 72
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W  I E W G P K E A L H V L  92
TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCAC 
93 I D P S  P G  L L R E V A R V E R R W V A  112
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCCAGCGAGG 
113 L C L H R T A R K L A T A L A E T A S E  *32
CGTGGCACGCTGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
133 A W H A D Y V C A L R G A P S G P F Y V  152
ACCCCGAGGACGTTCCGCACGGCGGTCGCGCCGTGGCGGACAG 540 
153 H P E D V P H G G R A V A D  166
D )  T O - 3 3 6
18 CCTCGCTTAGGACTCCTATCCCCATGGAGAAACTCCTAGATGAGGTTCTTGCCCCCGGTG
M E K L L D E V L A P G  12
GGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
1 3 G P Y N L T V G S W V R D H V R S I V E  32
GCGCGTGGGAAGTGCGCGATGTTGTTTCCGCTGCCCAAAAGCGGGCCATCGTAGCCGTGA 
3 3 G A W E V R D V V S A A Q K R A I V A V  52
TACCCAGACCTGTGTTCACGCAGATGCAGGTTAGTGATCACCCAGCACTCCACGCAATTT 
53 I P R P V F T Q M Q V S D H P A L H A I  72
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W I E W G P K E A L H V L  92
TCGACCCGAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCGC 
93 I D P S P G L L R E V A R V E R R W V A  112
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCCAGCGAGG 
I 13 L C L H R T A R K L A T A L A E T A S E  132
CGTGGCACGCTGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
133 A W H A D Y V C A L R G A P S G P F Y V  152
ACCCTGAGGACGTCCCGCACGGCGGTCGCGCCGTGGCGGACAG S40 
153 H P E D  V P H G G  R A V A D  166
219
E) RA27/3
18 CCTCGCTTAGGACTCCTATTCCCATGGAGAGACTCCTAGATGAGGTTCTTGCCCCCGGTG
M E R L L D E V L A P G  12
GGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCACGTCCGCTCAATTGTCGAGG 
13 G P Y N L T V G S W V R D H V R S  I V E  32
GCGCGTGGGAAGTGCGCGATGTTGTTTCCGCTGCCCAAAAGCGGGCCATCGTAGCCGTGA 
3 3 G A W E V R D V V S A A Q K R A I V A V  52
TACCCAGACCTGTGTTCACGCAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTT 
53 I P R P V F T Q-' M Q V S D H P A L H A I  72
CGCGGTATACCCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA 
73 S R Y T R R H W I E W G P K E A L H V L  92
TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCTGGGTCGCAC 
9 3 I D P S P G L L R E V A R V E R R W V A  112
TGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCTGGCCGAGACGGCCAGCGAGG 
1(3 L C L H R T A R K L A T A L A E T A S E  132
CGTGGCACGCTGACTACGTGTGCGCGCTGCGTGGCGCACCGAGCGGCCCCTTCTACGTCC 
133 A W H A D Y V C A L R G A P S G P F Y V  152
ACCCTGAGGACGTCCCGCACGGCGGTCGCGCCGTGGCGGACAG 540 
153 H P E D V P H G G R A V A D  >66
FIGURE 5.1. Notes
The numbering of the nucleotide and amino acid sequence corresponds to that of Dominguez et 
<0. (1990). Amino acids 57 to 166, underlined by a dashed line, represent part of the putative 
methyltransferase domain reported by Rozanov et al,( 1992). Nucleotides 223 to 268, underlined 
by a solid line, share 50 per cent homology with a 51-nucleotide region highly conserved in 
alphaviruses (Dominguez et rt/.,1990).
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic 
acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; 
N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
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C O M P A R I S O N  O F  T H E  N U C L E O T I D E  S E Q U E N C E S  O F  T H E  G E N O M I C  
A R E A  C O N T A I N I N G  P A R T  O F  T H E  5 ’ N O N C O D I N G  R E G I O N  A N D  T H E  
S T A R T  O F  T H E  N S  P R O T E I N  O R F  O F  N I N E  R V  S T R A I N S
18 67THO CCTCGCTTAGGACTCCTTTTCCCATGGAGAAACTCCTAGATGAGGTTCTT
THE CCTCGCTTAGGACTCCCATTCCCATGGAGAAACTCCTAGATGAGGTTCTT
RBI ' CCTCGCTTAGGACTCCTATTCCCATGGAGAAGCTCCTAGATGAGGTTCTTMAC CCTCGCTTAGGACTCCTATTCCCATGGAGAAACTCCTAGATGAGGTTCTT
CEN CCTCGCTTAGGACTCCTATCCCCATGGAGAAACTCCTAGATGAGGTTCTTHPV CCTCGCTTAGGACTCCCATTCCCATGGAGAAACTCCTAGATGAGGTTCTT
T033 CCTCGCTTAGGACTCCTATCCCCATGGAGAAACTCCTAGATGAGGTTCTTRA2 7 CCTCGCTTAGGACTCCTATTCCCATGGAGAGACTCCTAGATGAGGTTCTT
M33 CCTCGCTTAGGACTCCCATTCCCATGGAGAAACTCCTAGATGAGGTTCTT**************** * ********** ******************
68 117THO GCCCCCGGTGGGCCTTACAACTTAACCGTCGGCAGTTGGGTAAGAGACCATHE GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA
RB1 GCCCCCGGTGGGCCTTATAACTTGACCGTCGGCAGTTGGGTAAGAGACCA
MAC GCCCCCGGTGGGCCTTATAACTTGACCGTCGGCAGTTGGGTAAGAGACCA
CEN GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA
HPV GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCAT033 GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA
RA27 GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA
M33 GCCCCCGGTGGGCCTTATAACTTAACCGTCGGCAGTTGGGTAAGAGACCA***************** ***** **************************
118 167THO CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
THE CGTCCGATCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCGRB1 CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
MAC CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
CEN CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
HPV CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG
T033 CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTTCCGRA27 CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTTCCG
M33 CGTCCGCTCAATTGTCGAGGGCGCGTGGGAAGTGCGCGATGTTGTTACCG****** *************************************** * * *
168 217THO CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
THE CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
RB1 CTGCCCAAAAGCGGGCCATCGTGGCCGTGATACCCAGACCTGTGTTCACG
MAC CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
CEN CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
HPV CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
TO3 3 CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACGRA2 7 CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG
M33 t CTGCCCAAAAGCGGGCCATCGTAGCCGTGATACCCAGACCTGTGTTCACG********************** ***************************
218 267THO CAGATGCAGGTTAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
THE CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
RB1 CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
MAC CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
CEN CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATACHPV CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
TO3 3 CAGATGCAGGTTAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
RA27 CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC
M33 CAGATGCAGGTCAGTGATCACCCAGCACTCCACGCAATTTCGCGGTATAC*********** **************************************
268 317THO CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
THE CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
RB1 CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
MAC CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCACEN CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
HPV CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCATO33 CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCARA27 CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA
M33 CCGCCGCCATTGGATCGAGTGGGGCCCTAAAGAAGCCCTACACGTCCTCA**************************************************
FIGURE 5.2.
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318 367THO TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
THE TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
RB1 TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
MAC TCGACCCGAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGCCEN TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
HPV TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
T033 TCGACCCGAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
RA27 TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC
M33 TCGACCCAAGCCCGGGCCTGCTCCGCGAGGTCGCTCGCGTTGAGCGCCGC******* ******************************************
368 417THO TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
THE TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
RB1 TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
MAC TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
CEN TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
HPV TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
T033 TGGGTCGCGCTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
RA2 7 TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT
M33 TGGGTCGCACTGTGCCTCCACAGGACGGCACGCAAACTCGCCACCGCCCT******** *****************************************
418 467THO GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
THE GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
RB1 GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
MAC GGCCGAGACGGCTAGTGAGGCGTGGCATGCCGACTACGTGTGCGCGCTGC
CEN GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
HPV GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGCT033 GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC
RA27 GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGCM33 GGCCGAGACGGCCAGCGAGGCGTGGCACGCTGACTACGTGTGCGCGCTGC************ ** *********** * * *******************
468 517THO GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
THE GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
RB1 GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
MAC GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCGC
CEN GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
HPV GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCCGAGGACGTTCCGCACT033 GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
RA27 GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCTGAGGACGTCCCGCAC
M33 GTGGCGCACCGAGCGGCCCCTTCTACGTCCACCCCGAGGACGTTCCGCAC********************************** ******** **** *
518 540THO GGCGGTCGCGCCGTGGCGGACAG
THE GGCGGTCGCGCCGTGGCGGACAG
RBI GGCGGTCGCGCCGTGGCGGACAG
MAC GGCGGTCGCGCCGTGGCGGACAGCEN GGCGGTCGCGCCGTGGCGGACAG
HPV GGCGGTCGCGCCGTGGCGGACAG
TO33 GGCGGTCGCGCCGTGGCGGACAG
RA27 GGCGGTCGCGCCGTGGCGGACAG
M33 GGCGGTCGCGCCGTGGCGGACAG***********************
Nucleotides are numbered according to Dominguez et al (1990). Nucleotides 18 to 540 of Thomas (Thom), Therien 
(Tho), RB-1 (RBI), Machado (Mac), Cendehill (Cen), HPV77JDE5 (HPV), TO-336 (T033), RA27/3 (RA27) and M33 
RV strains are compared. In the bottom line of each aligned row of nucleotides, identical nucleotides are indicated by * and nucleotide differences by a gap.
FIGURE 5.2. Notes
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FIGURE 5.3.
COMPARISON OF T H E  A M IN O ACID SEQUENCES AT THE START O F  THE
NS POLYPROTEIN O F  NINE R V  STRAINS
1 50THO meklldevlapggpynltvgswvrdhvrsivegawevrdwtaaqkraiv
THE MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWTAAQKRAIV
RBI MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDVVTAAQKRAIV
MAC MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWTAAQKRAIV
CEN MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWTAAQKRAIVHPV MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWTAAQKRAIVT033 MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWSAAQKRAIVRA27 MERLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWSAAQKRAIV
M33 MEKLLDEVLAPGGPYNLTVGSWVRDHVRSIVEGAWEVRDWTAAQKRAIV**.**************************************.********
51 100THO AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
THE AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
RBI AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
MAC AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
CEN AVIPRPVFTQMQVSDHFALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
HPV AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLLT033 AVIPRPVFTQMQVSDHPALHA1SRYTRRHWIEWGPKEALHVLIDPSPGLL
RA27 AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL
M33 AVIPRPVFTQMQVSDHPALHAISRYTRRHWIEWGPKEALHVLIDPSPGLL**************************************************
101 150THO REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
THE REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
RBI REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPFMAC REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
CEN REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
HPV REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF
T033 REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPFRA2 7 REVARVERRWVALC LHRTARKLATALAETASEAWHADYVCALRGAP SGPF
M3 3 REVARVERRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPSGPF**************************************************
151 166THO YVHPEDVPHGGRAVAD
THE YVHPEDVPHGGRAVAD
RBI YVHPEDVPHGGRAVAD
MAC YVHPEDVPRGGRAVAD
CEN YVHPEDVPHGGRAVAD
HPV YVHPEDVPHGGRAVAD
T033 YVHPEDVPHGGRAVAD
RA27 YVHPEDVPHGGRAVADM33 YVHPEDVPHGGRAVAD********.*******
Aitiino acids arc numbered according to Dominguez el at. (1990). Amino acids 1 to 166 of Thomas (Thom), Thorion 
(The), RB-1 (RBI), Machado (Mac), CendeiiiU (Cen), HFV77.DE5 (HPV), TO-336 (T033), RA27/3 (RA27) and M33 
RV strains are compared. In the bottom line of each aligned row of amino acids, identical amnio acids are indicated by 
~k , nonconserved amino acid changes are indicated by a gap raid conserved amino acid changes by a dot.
Single letter amino acid abbreviations are: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, 
phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, metliionhie; N, asparagine; P, prolinc; 
Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.
FIGURE 5.3. Notes
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m a j o r i t y  o f  t h e  n u c l e o t i d e  differences s e e n  b e t w e e n  strains are silent a n d  p r o d u c e  n o  
a m i n o  acid substitutions. T h e  n a t u r e  o f  t h o s e  a m i n o  acid substitutions f o u n d  is s h o w n  in 
T a b l e  5.3. T h e  'cut-off p o i n t  b e t w e e n  defining a n  a m i n o  acid substitution as 
c o n s e r v a t i v e  o r  n o n - c o n s e r v a t i v e  w a s  set at a  L O M D  v a l u e  o f  eight as d i s c u s s e d  in 
S e c t i o n  4.2.4.
5.2.5. A n a l y s e s  o f  t h e  a m i n o  a c i d  s u b s t i t u t i o n s
A m i n o  acid substitutions o c c u r r e d  at o n l y  thr e e  positions w i t h i n  t h e  1 6 6  a m i n o  acids 
a n a l y s e d  ( T a b l e  5.3.). All o f  t h e s e  p r o v e d  to b e  c o n s e r v a t i v e  substitutions.
5.2.6. V a c c i n e - s t r a i n - s p e c i f i c  n u c l e o t i d e s
N u c l e o t i d e  differences w h i c h  o c c u r  in v a c c i n e  strains only, a re s e e n  at f o u r  positions 
w i t h i n  t h e  5 2 3  n u c l e o t i d e s  a n a l y s e d  ( T a b l e  5.4.) O n e  o f  t h e s e  is in t h e  N C  region, t w o  
result in a m i n o  acid substitutions a n d  o n e  is a  silent c h a n g e .
5.3. D i s c u s s i o n
T h e  p r i m a r y  objective o f  t h e s e  studies w a s  to  amplify, c l o n e  a n d  s e q u e n c e  a  targetted 
g e n o m i c  r e g i o n  (nucleotides 1 8  to  5 4 0 )  f r o m  five strains o f  R V .  T h i s  w a s  successfully 
a c h i e v e d  u s i n g  t h e  R T - P C R  s y s t e m  d e v e l o p e d  in C h a p t e r  3. A  further a i m  o f  t h e s e  
studies w a s  t o  identify a  p r i m e r  pair w h i c h  c o u l d  b e  u s e d  to  p r i m e  t h e  amplification o f  a  
variety o f  R V  strains s o  that t h e y  c o u l d  b e  u s e d  in further R T - P C R  studies d e s i g n e d  to  
dete c t  R V  in clinical s a m p l e s .  T h e  successful u s e  o f  th e  p r i m e r  pair R T 1  a n d  P C R B  
( T a b l e  3.3.) in t h e  amplification o f  all R V  strains tested (four v a c c i n e  a n d  thr e e  w i l d -  
t y p e  strains) d u r i n g  t h e  c o u r s e  o f  this w o r k ,  identified this p r i m e r  pair as g o o d  
c a n d i d a t e s  for u s e  in t h e s e  studies w h i c h  are d e s c r i b e d  in C h a p t e r  6.
F r o m  c o m p a r i s o n  o f  t h e  d e d u c e d  a m i n o  acid s e q u e n c e s ,  t h r e e  a m i n o  acid
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Codes for Anino Acids:
Nonpolar R groups:
A
F
I
L
M
P
V
W
Alanine 
PhenyI a I an i ne 
I so Ieuc i ne 
Leuc i ne 
Meth i on i ne 
Pro I i  ne 
VaIi ne 
Tryptophan
Hydrophob i c 
Hydrophobic 
Hydrophobic 
Hydrophobi c 
Hydrophob i c 
Intermediate 
Hydrophob i c 
Intermediate
Polar, but uncharged R groups
C
G
N
Q
S
T
Y
Cyste ine 
Glycine 
Aspa rag i ne 
GIutami ne 
Ser i ne 
Threonine 
Tyros i ne
Hydrophob i c 
Intermed i ate 
Hydroph i I i  c 
Hydroph i I i  c 
Intermed i ate 
Intermediate 
Intermedi ate
Pos i t ive ly  charged R groups:
Hi s t idine 
Lys i ne 
Arg i n i ne
Hydroph i I  Ic 
Hydroph i I i  c 
Hydroph i I i  c
Negatively charged R groups:
Aspart ic acid 
Glutamic acid
HydrophiI ic 
Hydroph i I i  c
(Hydrophobicity/hydrophi I i c i t y  descript ions taken from 
Mandl et a ! ., 1989.)
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substitutions w e r e  identified b e t w e e n  a m i n o  acids 1 a n d  1 6 6  o f  t h e  R V  N S  polyprotein. 
T w o  o f  t h e s e  o c c u r  o n l y  in v a c c i n e  strains ( T a b l e  5.3.). O n e  is u n i q u e  to  R A 2 7 / 3  a n d  
in v o l v e s  t h e  c o n s e r v a t i v e  substitution o f  a n  arginine res i d u e  for a  lysine. A r g i n i n e  a n d  
lysine b o t h  h a v e  positively c h a r g e d  side g r o u p s  a n d  are similar in size. T h e  s e c o n d  
c h a n g e  o c c u r s  in b o t h  R A 2 7 / 3  a n d  T O - 3 3 6  v a c c i n e  strains a n d  i n v o l v e s  t h e  c o n s e r v a t i v e  
substitution o f  serine for threonine. B o t h  o f  t h e s e  residues h a v e  u n c h a r g e d ,  p o l a r  side 
g r o u p s  a n d  ar e  o f  similar size. T h e s e  substitutions d o  n o t  o c c u r  in clo s e  p r o x i m i t y  to 
a n y  o f  t h e  high l y  c o n s e r v e d  m o t i f s  w i t h i n  t h e  putative m e t h y l t r a n s f e r a s e  d o m a i n  ( F i g u r e
1.8.). I n  c o n s i d e r a t i o n  o f  t h e s e  factors it is unlikely that t h e s e  substitutions will h a v e  
m a r k e d  effects o n  t h e  structure o r  f u n c t i o n  o f  t h e  p rotein d o m a i n  in w h i c h  t h e y  occur.
W i t h  r e g a r d  to attenuation, it m a y  b e  that n u c l e o t i d e  differences at t h e  5 '-end o f  t he 
R V  g e n o m e  p l a y  a  significant role. N u c l e o t i d e s  in this r e g i o n  c a n  f o r m  potential s t e m -  
a n d - l o o p  structures ( F i g u r e  1.6.). I n d e e d ,  N a k h a s i  a n d  c o l l e a g u e s  ( 1 9 9 1 )  s h o w e d  that 
t h e  c o m p l e m e n t a r y  n e g a t i v e - s t r a n d  structure equivalent to  o n e  o f  t h e s e  ( R V - 2 ,  F i g u r e
1.6.) i n v o l v i n g  n u c l e o t i d e s  1 8  to 64, interacts specifically w i t h  a  g r o u p  o f  cellular 
proteins. A  n u m b e r  o f  n u c l e o t i d e  differences h a v e  b e e n  identified in this r e g i o n  o f  th e  
n i n e  R V  strains a n a l y s e d  ( T a b l e  5.5.) a n d  t h e  sites w h e r e  t h e  n u c l e o t i d e s  c o m p l e m e n t a r y  
to  t h e s e  substitute w i t h i n  t h e  3 '-terminal structure o f  t h e  R V  n e g a t i v e  strand R N A  are 
indicated in F i g u r e  5.4. It is t h o u g h t  that this structure ser v e s  as a  site for t h e  initiation 
o f  positive-strand R N A  synthesis ( F i g u r e  1.7.). It c o u l d  b e  that n u c l e o t i d e  c h a n g e s  
w i t h i n  s u c h  a  structure c o u l d  r e d u c e  o r  e n h a n c e  t he b i n d i n g  c a p a c i t y  o f  this r e g i o n  a n d  
t h u s  affect t h e  ability o f  t h e  virus to replicate. I n d e e d  a  m u t a t i o n  o f  C y t i d i n e  to U r i d i n e  
d u r i n g  t h e  attenuation o f  t h e  poliovirus S a b i n  t y p e  3 v a c c i n e  strain at position 4 7 2  in 
t h e  N C  r e g i o n  o f  t h e  g e n o m e ,  dramatically d e c r e a s e s  th e  ability o f  t h e  virus to  replicate 
in m o u s e  brain cells a n d  n e u r o b l a s t o m a  cells a n d  it h a s  b e e n  s u g g e s t e d  that this is o n e  o f  
t w o  m u t a t i o n s  w h i c h  p r o b a b l y  a c c o u n t  for t h e  Hill a t t e n u a t e d  p h e n o t y p e  o f  t h e  t y p e  3 
v a c c i n e  a n d  t h u s  loss o f  n e u r o v i r u l e n c e  ( A l m o n d  et al., 199 1 ) .  T h i s  m u t a t i o n  o c c u r s  
w i t h i n  a  r e g i o n  o f  s e c o n d a r y  structure, c o n t a i n i n g  s t e m - a n d - l o o p  staictures, w h i c h  h a s
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T A B L E  5.5.
D I F F E R E N C E S  W H I C H  O C C U R  B E T W E E N  N U C L E O T I D E S  1 8  T O  6 4  O F  T I L E
G E N O M E  O F  N I N E  R V  S T R A I N S
Nucleotide 
Position in 
RV genome* Thomas Therien RB-1
Nucleoti
Machado
de Differen 
M33
ces
Cendehill HPV77.DE5 TO-336 RA27/3
34 T C T T C T C T T
35 T A A A A A A A A
37 T T T T T C T C T
48 A A A A A A A A G
49 A A G A A A A A A
TABLE 5.5. Notes 
N^umbered according to Dominguez etat. (1990).
F I G U R E  5.4.
S I T E S  O F  N U C L E O T I D E  D I F F E R E N C E S  W I T H I N  T H E  P R O P O S E D  S T E M -  
A N D - L O O P  S T R U C T U R E  O F  T H E  3' N E G A T I V E  S T R A N D  O F  R V  R N A
( N a k h a s i  et al., 1 9 9 1 )
® C in RB-1
C in RA27/3 ^
Loop A G U A C C - U C
u
G A U G A G
A f  ^  G U : A
C : G 
C : G 
U : A 
A : U
t ,
G in Cendehill / 
and TO-336 /
d> I
A in Thomas
Ain Cendehill, 
TO-336, RA27/3 G 
Thomas, RB-1 :
and Machado G
G>
3 ' - G U U  A C C  U U C G A U A G C
Loop B
u
FIGURE 5.4. Notes
The nucleotides involved in the formation of the secondary structure shown above, are 
complementary to nucleotides 18 to 64 of the positive strand RV RNA genome of the Therien 
strain. Sites where nucleotides differ from other RV strains are indicated by an arrow and these 
are equivalent to the nucleotides at positions 34 (CD), 35 (©), 37 (<3>), 48 (®), 49 (©) in the positive 
strand RV RNA.
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b e e n  s h o w n  t o  p l a y  a  central role in o r g a n i s i n g  viral a n d  cellular proteins i n v o l v e d  in 
positive strand p r o d u c t i o n  ( A n d i n o  et al., 1990). S t r o n g  attenu a t i n g  m u t a t i o n s  at 
positions 4 8 0  a n d  4 8 1  o f  S a b i n  t y p e s  1 a n d  2  respectively, indicate that for all three 
v a c c i n e  strains t h e  structure w h i c h  f o r m s  in this r e g i o n  is o f  crucial i m p o r t a n c e  for th e  
n e u r o v i r u l e n c e  p h e n o t y p e  a n d  that t h e  t h r e e  m u t a t i o n s  atten u a t e  n e u r o v i r u l e n c e  b y  
similar m e c h a n i s m s .  T h e  w o r k  o f  S k i n n e r  a n d  c o l l e a g u e s  ( 1 9 8 9 )  s u g g e s t s  that t h e  
at t enuating m u t a t i o n s  act t h r o u g h  disruption o f  a  s t e m  structure in t h e  r e g i o n  i n v o l v i n g  
n u c l e o t i d e s  4 7 0  t o  5 4 0 .  I n  t h e  3'-terminal l o o p  structure o f  R V  n e g a t i v e  strand R N A ,  
h o w e v e r ,  N a k h a s i  a n d  c o l l e a g u e s  ( 1 9 9 1 )  r e p o r t e d  that altering t h e  s e q u e n c e s  in th e  
possible s t e m  r e g i o n  s o  that t h e  b a s e - p a i r e d  structure w a s  n o  l o n g e r  present, did n o t  
c h a n g e  t h e  b i n d i n g  activity. I n  contrast, t h e y  f o u n d  that it w a s  t h e  s e q u e n c e s  w h i c h  c a n  
f o r m  t h e  t w o  potential l o o p  structures w h i c h  affected th e  p r o t e i n - b i n d i n g  activity. If this 
is t h e  case, it m a y  b e  that t h e  n u c l e o t i d e  difference in R A 2 7 / 3  v a c c i n e  strain w h e r e  a  
cytidine repl a c e s  a  uridine at p o sition 4 8  ( © ,  F i g u r e  5.4.) in l o o p  B ,  is t h e  o n e  m o s t  
likely to  h a v e  a n  effect o n  viral replication a n d  p l a y  a  role in attenuation. A l t h o u g h ,  it 
s h o u l d  b e  n o t e d  that o n e  s u c h  difference also o c c u r s  in t h e  R B - 1  w i l d - t y p e  strain at 
p osition 4 9  (d>, F i g u r e  5.4.). I n  a  s t u d y  b y  C h a n t l e r  et a l ( 1 9 9 3 ) ,  R A 2 7 / 3  R V  w a s  
s h o w n  t o  g r o w  t o  l o w e r  titres t h a n  T h e r i e n ,  M 3 3 ,  T h o m a s  a n d  H P V 7 7 . D E 5  in V e r o  
cells. H o w e v e r ,  t h e  fact that C e n d e h i l l  g r o w s  t o  e v e n  l o w e r  titres in V e r o  cells s u g g e s t s  
that o t h e r  m u t a t i o n s  w i t h i n  t h e  g e n o m e  m a y  h a v e  a  greater influence o n  viral replication, 
in particular, p e r h a p s  t h e  o n e  r e v e a l e d  in t h e  putative p o l y m e r a s e  d o m a i n  ( C h a p t e r  4). 
C o n s i d e r i n g  t h e  findings o f  N a k h a s i  a n d  c o l l e a g u e s  ( 1 9 9 1 )  a n d  t h e  i m p o r t a n c e  o f  s u c h  
staictures to  poliovirus replication, it s e e m s  likely that t h e  c h a n g e s  at positions 4 8  a n d  
4 9  in l o o p  B  will h a v e  s o m e  effect o n  viral replication, h o w e v e r ,  m o r e  detailed studies 
( d i s c u s s e d  in m o r e  detail in C h a p t e r  7) a r e  r e q u i r e d  to p r o v i d e  definitive e v i d e n c e  o f  this 
a n d  i n d e e d  to  identify w h e t h e r  t h e  c h a n g e  in R A 2 7 / 3  is i m p o r t a n t  fo r  t h e  atten u a t i o n  o f  
this virus.
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M o r e  recently, P o g u e  a n d  c o l l e a g u e s  ( 1 9 9 3 )  h a v e  s h o w n  that t h e  s t e m - a n d - l o o p  
structure f o r m e d  b y  n u c l e o t i d e s  1 8  t o  6 4  o f  t h e  positive-strand R V  g e n o m i c  R N A  
( F i g u r e  1.6., R V - 2 )  stimulates in vitro a n d  in vivo translation o f  c h i m e r i c  R N A s  a n d  
specifically interacts w i t h  t w o  h o s t - e n c o d e d  proteins, 5 9  a n d  5 2 k D  in size. U s i n g  a  
series o f  m u t a n t  s t e m - a n d - l o o p  structures, their prelim i n a r y  studies s h o w e d  that b i n d i n g  
o f  t h e  h o s t  e n c o d e d  proteins w a s  d e c r e a s e d  b y  r e m o v a l  o f  a  b u l g e  in t h e  term i n a l  s t e m  
r e g i o n  (so that it did n o t  c o n t a i n  a  p r e d i c t e d  single-stranded region), b u t  that b i n d i n g  
w a s  i n c r e a s e d  w h e n  this r e g i o n  w a s  altered to  c o n t a i n  a n  i n c r e a s e d  n u m b e r  o f  single­
s t r a n d e d  nucleotides. T h e y  also f o u n d  that r e m o v i n g  t h e  s t e m - a n d - l o o p  structure 
c o n t a i n i n g  t h e  A U G  initiation c o d o n  r e d u c e d  b i n d i n g  o f  cytosolic proteins w i t h i n  
c o m p l e x e s  I a n d  II, b u t  that deleting thr e e  a d e n o s i n e s  in l o o p  B  ( F i g u r e  1.6., R V - 2 )  did 
n o t  affect this binding. A s  a  result o f  t h e s e  findings, th e  a u t h o r s  s u g g e s t  that t h e  b u l g e  
r e g i o n  o f  t h e  t e r m i n a l  s t e m  d o m a i n  constitutes a  p rotein b i n d i n g  d e t e r m i n a n t .  I n d e e d ,  
this m a y  b e  reflected b y  t h e  c o n s e r v a t i o n  o f  t h e  n u c l e o t i d e  s e q u e n c e  w i t h i n  this d o m a i n  
o f  t h e  n i n e  R V  strains a n a l y s e d  in t h e s e  studies. A l t h o u g h  P o g u e ' s  w o r k  indicates that 
m u t a t i o n s  in t h e  s t e m - a n d - l o o p  structure c o n t a i n i n g  t h e  A U G  initiation c o d o n  m a y  b e  
m o r e  likely t o  h a v e  effect o n  viral translation t h a n  m u t a t i o n s  in L o o p  B ,  m o r e  detailed 
studies l o o k i n g  at t h e  effect o f  p o i n t  m u t a t i o n s  are required, b e f o r e  t h e  true significance 
o f  a n y  o f  t h e  m u t a t i o n s  identified in this r e g i o n  c a n  b e  a s s e s s e d  w i t h  r e g a r d  to  viral R N A  
translation a n d  indeed, R N A  replication w h e n  c o n s i d e r i n g  t h e  e q u i v a l e n t  r e g i o n  in t h e  
n e g a t i v e  R N A  strand.
F r o m  t h e  n u c l e o t i d e  s e q u e n c e  c o m p a r i s o n s  o f  n i n e  R V  strains, n u c l e o t i d e s  w e r e  
identified w h i c h  w e r e  p r e s e n t  in v a c c i n e  strains b u t  n o t  w i l d - t y p e  ( T a b l e  5.4.). N o n e  o f  
t h e s e  w e r e  p r e s e n t  in all f o u r  v a c c i n e  strains; at position 3 7  a  C  in C e n d e h i l l  a n d  T O - 3 3 6  
r e p l a c e s  a  T  in all o t h e r  strains, at position 4 8  a  G  in R A 2 7 / 3  repl a c e s  a n  A  in all o t h e r  
strains, at position 1 6 4  a  T  in T O - 3 3 6  a n d  R A 2 7 / 3  replaces a n  A  in all o t h e r  strains a n d  
at p osition 3 7 6  a  G  in T O - 3 3 6  repl a c e s  a n  A  f o u n d  in all o t h e r  strains. A  n u c l e o t i d e  at 
p o sition 4 8  h a s  b e e n  identified w h i c h  is u n i q u e  to  R A 2 7 / 3  a n d  t h e  n u c l e o t i d e  at position
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1 6 4  is s h a r e d  o n l y  w i t h  T O - 3 3 6 .  T h e  identification o f  t w o  o t h e r  n u c l e o t i d e  differences 
b e t w e e n  T O - 3 3 6  a n d  R A 2 7 / 3  at positions 3 7  a n d  3 7 6 ,  m e a n s  that R A 2 7 / 3  c a n  b e  
d istinguished f r o m  T O - 3 3 6  at thr e e  n u c l e o t i d e  positions. O n  further e x a m i n a t i o n  o f  
T a b l e  5.4., n u c l e o t i d e  differences c a n  b e  s e e n  w h i c h  p e r m i t  distinction b e t w e e n  v a c c i n e  
strains a n d  w i l d - t y p e  a n d  also, w i t h  t h e  e x c e p t i o n  o f  H P V 7 7 . D E 5 ,  b e t w e e n  t h r e e  o f  t h e  
v a c c i n e  strains t h e m s e l v e s .  R A 2 7 / 3  differs f r o m ;  C e n d e h i l l  at thr e e  positions, 
H P V 7 7 . D E 5  at t w o  positions a n d  all w i l d - t y p e s  tested at t w o  positions; T O - 3 3 6  differs 
f r o m  C e n d e h i l l  at t w o  positions, H P V 7 7 . D E 5  at thr e e  positions a n d  all w i l d - t y p e s  tested 
at t h r e e  positions; C e n d e h i l l  differs f r o m  H P V 7 7 . D E 5  at o n e  position, T O - 3 3 6  at t w o  
positions a n d  all w i l d - t y p e s  tested at o n e  position a n d  H P V 7 7 . D E 5  d o e s  n o t  differ f r o m  
all w i l d - t y p e  strains tested at a n y  o f  t h e  f o u r  positions. T h e  ability to  distinguish 
b e t w e e n  t h e  p r e s e n c e  o f  v a c c i n e  strains a n d  w i l d - t y p e s  b y  m e a n s  o f  R T - P C R  a n d  
s u b s e q u e n t  n u c l e o t i d e  s e q u e n c i n g  c o u l d  b e  u s e d  to  clarify w h e t h e r  t h e  aetiological a g e n t  
r e s p o n s i b l e  for p o s t - v a c c i n a t i o n  s y m p t o m s  is a  w i l d - t y p e  R V  o r  v a c c i n e - d e r i v e d .  T h e  
u s e  o f  s u c h  i n f o r m a t i o n  for this p u r p o s e  is d i s c u s s e d  further in C h a p t e r  7.
T h e  relatedness o f  t h e  s e q u e n c e s  r e v e a l e d  in this s t u d y  are r e p r e s e n t e d  b y  a 
d e n d r o g r a m  ( F i g u r e  5.5.) c o n s t r u c t e d  u s i n g  t h e  Clustal p r o g r a m .  H P V 7 7 . D E 5  a n d  M 3 3  
h a v e  identical n u c l e o t i d e  s e q u e n c e s  o v e r  this r e g i o n  a n d  t h u s  f o r m  t h e  central cluster to 
w h i c h  t h e  o t h e r  clusters a re joined, as d e s c r i b e d  in F i g u r e  5.5. P h y l o g e n e t i c  tree 
analysis o f  t h e  n u c l e o t i d e  s e q u e n c e  o f  t h e  E l  c o d i n g  region, also s h o w e d  t h e s e  t w o  
strains to  b e  t h e  m o s t  closely related F r e y  a n d  A b e r n a t h y  ( 1 9 9 3 ) .  T h i s  is n o t  surprising 
since H P V 7 7 . D E 5  h a s  b e e n  s h o w n  t o  differ f r o m  its p r o g e n i t o r  strain M 3 3  at o n l y  n i n e  
pl a c e s  o u t  o f  a  total o f  3 1 8 9  n u c l e o t i d e s  (0.3 p e r  c e n t  difference) in t h e  structural 
p r o t e i n  c o d i n g  O R F .
T h e  p r e s e n t  s t u d y  h a s  identified m u t a t i o n s  w i t h i n  t h e  potential s t e m - a n d - l o o p  
structures at w h i c h  further studies s h o u l d  b e  directed a n d  this will b e  d i s c u s s e d  in m o r e  
detail in C h a p t e r  7.
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C H A P T E R  6.
A P P L I C A T I O N  O F  R T - P C R  T O  T H E  D E T E C T I O N  
O F  R V  R N A  I N  C L I N I C A L  S P E C I M E N S .
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6.1. Introduction.
P C R  is particularly useful for t h e  d e t e c t i o n  o f  viruses for w h i c h  culture in vitro is 
difficult ( c y t o m e g a l o v i r u s  ( C M V ) ,  rhinovirus) o r  i m p o s s i b l e  (hepatitis B  v i m s  ( H B V ) ,  
h u m a n  p a p i l l o m a v i r u s  ( H P V ) ) .  T h e  d e t e c t i o n  o f  C M V  in t h e  u r i n e  o f  congenitally 
infected n e w b o r n s  b y  P C R  is also a d v a n t a g e o u s  b e c a u s e  it a l l o w s  t h e  s p e c i m e n  to b e  
o b t a i n e d  b y  n o n - i n v a s i v e  m e a n s  ( D e m m l e r  et al., 1988). H u m a n  rhino v i r u s  w a s  o n e  o f  
t h e  first R N A  viruses to  b e  d e t e c t e d  in clinical material (nasal w a s h i n g s )  b y  R T - P C R  
( G a m a  et al, 198 8 ) .  L a r z u l  a n d  c o l l e a g u e s  ( 1 9 8 8 )  u s e d  P C R  to dete c t  H B V  D N A  
s e q u e n c e s  in s e r u m .  T h e  u s e  o f  P C R  t o  detect h u m a n  p a p i l l o m a  viruses in cervical 
s p e c i m e n s  h a s  highlighted t h e  i n c r e a s e d  s p e e d  a n d  sensitivity o f  d e t e c t i o n  that c a n  b e  
g a i n e d  b y  u s i n g  P C R  rather t h a n  pre-existing t e c h n i q u e s  to  det e c t  v i m s  ( M e l c h e r s  et al., 
1 9 8 9 ;  D a l l a s  et al, 198 9 ) .  P C R  h a s  also p r o v e d  to  b e  a n  e x t r e m e l y  v a l u a b l e  m e t h o d  for 
d e t e c t i o n  o f  H I V  in clinical s a m p l e s .  U s i n g  P C R ,  H I V  proviral D N A  h a s  b e e n  d e t e c t e d  
in l y m p h o c y t e s  o f  infected individuals at least six m o n t h s  b e f o r e  w e s t e r n  b l o t - c o n f i r m e d  
s e r o c o n v e r s i o n  ( W o l i n s k y ,  S, et al, 198 8 ) .  I n  addition, t h e  d e t e c t i o n  o f  H I V  R N A  in 
cells o f  infected individuals b y  R T - P C R ,  h a s  m a d e  it possible t o  differentiate latent H I V  
infection (proviral D N A )  f r o m  active viral transcription ( R N A )  ( H a r t  et al, 1 9 8 8 ;  
M u r a k a w a  et al, 1988).
H a v i n g  investigated certain p a r a m e t e r s  o f  R T - P C R  ( C h a p t e r  3) a n d  o p t i m i s e d  t h e  
s y s t e m  for t h e  amplification o f  R V  R N A  f r o m  cult u r e d  cells a n d  culture supernatants, 
this C h a p t e r  desc r i b e s  t h e  application o f  this s y s t e m ,  in c o m b i n a t i o n  w i t h  s o u t h e r n  blot 
hybridisation t o  t h e  d e t e c t i o n  o f  R V  R N A  in clinical s a m p l e s .  T h e  suitability o f  t h e  
s y s t e m  for t h e  d i a g n o s i s  o f  R V  infection, w i t h  particular r e f e r e n c e  t o  rap i d  prenatal 
d i a g n o s i s  a n d  also its potential for u s e  in future studies will b e  discussed.
The use of P C R  in the detection of virus from clinical specimens.
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6.2. Experimental Work.
All t h e  bas i c  m e t h o d s  u s e d  in this C h a p t e r  are d e s c r i b e d  in C h a p t e r  2. A n y  variations 
t o  t h e  basic m e t h o d o l o g i e s  are d e s c r i b e d  w h e r e  appropriate. It is i m p o r t a n t  to  stress 
h e r e  that p r o c e d u r e s ,  d e s c r i b e d  in S e c t i o n  2.2.10., to p r e v e n t  c r o s s - c o n t a m i n a t i o n  
b e t w e e n  s a m p l e s  a n d  c a r r y - o v e r  o f  p r e v i o u s l y  amplified p r o d u c t  into n e w  reactions w e r e  
strictly a d h e r e d  t o  t h r o u g h o u t  t h e  d u r a t i o n  o f  this w o r k .
6.3. R T - P C R / S  o f  R V  R N A  in clinical s p e c i m e n s .
E x t r a c t i o n  o f  R N A  f r o m  s p e c i m e n s .
R N A  f r o m  clinical s p e c i m e n s  a n d  R V  infected P B M C s  w a s  k i n d l y  p r o v i d e d  b y  
T. B o s m a  (St. T h o m a s  Hospital, L o n d o n ) ,  w h o  extra c t e d  t h e  R N A  u s i n g  m e t h o d s  
d e s c r i b e d  in S e c t i o n s  2.2.5. a n d  2.2.6. T a b l e  6.1. s h o w s  t h e  R N A  extraction m e t h o d s  
u s e d  for e a c h  o f  t h e s e  s a m p l e s  a n d  for t h e  non-clinical R N A  s a m p l e s  w h i c h  w e r e  u s e d  as 
cont r o l s  in this R T - P C R  s y s t e m .  It s h o u l d  b e  n o t e d  that t h e  R N A  f r o m  clinical 
s p e c i m e n s  w e r e  identified b y  c o d e  o n l y  a n d  as s u c h  tested 'blind'.
R T - P C R  a m p l i f i c a t i o n  o f  v R N A
2\i\ o f  e a c h  R N A  s a m p l e  ( T a b l e  6.1.) w a s  u s e d  as  t e m p l a t e  a n d  P J  P r i m e r s  1-5 
( F i g u r e  3.1.) u s e d  as t h e  p r i m e r s  for t h e  R T  reactions. T h e  R T - P C R s  w e r e  o t h e r w i s e  
p e r f o r m e d  as d e s c r i b e d  in S e c t i o n  2.2.10. T h e  t h e r m a l  profile d e s c r i b e d  in S e c t i o n  3.3. 
w a s  u s e d  for P C R  amplification. 4(0.1 o f  R e a c t i o n  3 ( T a b l e  6.1.) prediluted ( b y  a  factor 
o f  1 0 )  in w a t e r  a n d  12jol o f  e a c h  o f  t h e  r e m a i n i n g  R T - P C R s  w a s  e l e c t r o p h o r e s e d  o n  2 %  
a g a r o s e  gels ( S e c t i o n  2.2.11.) t o g e t h e r  w i t h  1 3 0 n g  d i g o x i g e n i n  labelled L a m b d a / H i n d  
III a n d  4 0 0 n g  u n labelled P h i X 1 7 4 / H a e  III m o l e c u l a r  w e i g h t  m a r k e r s .  T h e  gels w e r e  
stained in e t h i d i u m  b r o m i d e  a n d  visualised as d e s c r i b e d  in S e c t i o n  2.2.11. T h e  o n l y  
b a n d s  o f  target size visible, w e r e  faint o n e s  p r e s e n t  in t h o s e  lanes c o n t a i n i n g  t h e  t w o  
positive c ontrols (reactions 3 a n d  7).
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C o n t r o l s
R T  a n d  P C R  r e a g e n t / c r o s s - c o n t a m i n a t i o n  (r/cc) controls w e r e  set u p  a l o n g s i d e  
amplification reactions. All R T - P C R  r eaction c o m p o n e n t s  b a r r i n g  R N A  t e m p l a t e  w e r e  
a d d e d  to  t h e  R T  r/cc con t r o l  a n d  all P C R  reaction c o m p o n e n t s  b a r r i n g  c D N A  t e m p l a t e  
( R T  reaction) w e r e  a d d e d  to  t h e  P C R  r/cc control. I n  t h e  R T  r/cc control, w a t e r  
r e p l a c e d  v R N A  a n d  in t h e  P C R  r/cc control, R T  buffer r e p l a c e d  R T  reaction. T h e  
controls w e r e  o t h e r w i s e  treated in t h e  s a m e  m a n n e r  as t h e  o t h e r  R T - P C R s  e x c e p t  that, 
w h e n  p r e p a r i n g  t h e  r eaction m i x e s ,  t h e  controls w e r e  d i s p e n s e d  last, s o  that t h e y  
reflected t h e  total r e a g e n t  h a n d l e d .  L i k e w i s e ,  w a t e r  w a s  a d d e d  t o  t h e  R T  r/cc control 
a n d  R T  buffer t o  t h e  P C R  r/cc c ontrol o n c e  t e m p l a t e  h a d  b e e n  a d d e d  to  all t h e  o t h e r  
amplification reactions.
R V  h y b r i d i s a t i o n  p r o b e
A  4 6 1  b p  l o n g  c D N A  f r a g m e n t  c o d i n g  for nucle o t i d e s  3 9  to  5 0 1  o f  t he T h o m a s  R V  
g e n o m e  w a s  released f r o m  a  p C R I I  c l o n e  c o n t a i n i n g  t h e  A / B  f r a g m e n t  ( F i g u r e  3.2.) b y  
d i gestion w i t h  restriction e n z y m e s  N c o  I a n d  S a u  I ( S e c t i o n  2.2.16.). 7 5 n g  o f  this 
c D N A  f r a g m e n t  w a s  purified ( S e c t i o n s  2.2.8. a n d  2.2.12.) a n d  labelled u s i n g  th e  
d i g o x i g e n i n  labelling kit as d e s c r i b e d  in S e c t i o n  2.2.19. T h e  a m o u n t  o f  labelled p r o b e  
D N A  w a s  d e t e r m i n e d  b y  c o m p a r i s o n  w i t h  t h e  labelled control ( s u p p l i e d  w i t h  kit). T e n ­
fold dilutions o f  labelled c o n t r o l  a n d  p r o b e  D N A  w e r e  m a d e  a n d  l p l  o f  e a c h  dilution 
s p o t t e d  o n t o  positively c h a r g e d  n y l o n  m e m b r a n e .  T h e  m e m b r a n e  w a s  b a k e d  for 3 0  m i n s  
at 1 2 1 ° C  a n d  t h e n  s u b j e c t e d  t o  t h e  c h e m i l u m i n e s c e n t  d e t e c t i o n  p r o c e d u r e  d e s c r i b e d  in 
S e c t i o n  2.2.17. T h e  resulting signals d e t e c t e d  o n  X - r a y  film c a n  b e  s e e n  in F i g u r e  6.1. 
F r o m  this, t h e  p r o b e  w a s  e s t i m a t e d  t o  b e  a p p r o x i m a t e l y  l Ong/pl. It w a s  n o t e d  that 
h i g h e r  dilutions o f  p r o b e  m a y  h a v e  m a d e  interpretation o f  t h e  signals easier.
S o u t h e r n  b l o t  h y b r i d i s a t i o n  (S)
O n c e  s e p a r a t e d  in a g a r o s e  gels, t h e  amplified D N A  w a s  i m m o b i l i s e d  o n  positively 
c h a r g e d  n y l o n  m e m b r a n e ,  hybri d i s e d  to  d i g o x i g e n i n  labelled R V  p r o b e  ( 8 0 n g )  a n d
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FIGURE 6.1.
ESTIMATION O F  YIELD O F  D1GOXIGENIN L A B E L L E D  P R O B E
5 n g  0 . 5 n g 5 0 p g 5 p g 0 . 5 p g
C O N T R O L *  • • # •
R V  P R O B E 1  # m •
neat 1:10 1:100 1:10 0 0 1:10,000
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f o l l o w i n g  t h e  c h e m i l u m i n e s c e n t  d e t e c t i o n  steps, e x p o s e d  to X - r a y  film as d e s c r i b e d  in 
S e c t i o n  2.2.17. F r o m  a  3 0  m i n s  e x p o s u r e  ( F i g u r e  6.2.), it c a n  b e  s e e n  that signals 
consistent w i t h  target b a n d s  o f  a p p r o p r i a t e  size ( 5 7 9 b p )  are p r e s e n t  in lanes/reactions 3,
1,9, 11, 12, 16, 1 8  a n d  19. T h e  m o s t  intense signals are s e e n  in reactions 3 a n d  7, t h e  
t w o  positive controls. T h e  l a c k  o f  a n y  signal in reactions 5, 6, 1 4  a n d  1 5  c o n t a i n i n g  t h e  
R T  a n d  P C R  r/cc n e g a t i v e  controls, d e m o n s t r a t e s  that t h e  r e a g e n t s  w e r e  n o t  
c o n t a m i n a t e d  a n d  that n o  c r o s s - c o n t a m i n a t i o n  o c c u r r e d .  T h e  a b s e n c e  o f  b a n d s  in lanes 
10, 13  a n d  2 0  s h o w e d  that n o  visible no n s p e c i f i c  amplification o c c u r r e d  in R N A  s a m p l e s  
ex t r a c t e d  f r o m  P B M C s ,  V e r o  o r  H E L  cells. T h u s  t h e  n e g a t i v e  contr o l s  i n c l u d e d  in this 
R T - P C R  amplification s y s t e m  s u p p o r t  t h e  results obtained. T h e  results f r o m  test 
s a m p l e s  a re d o c u m e n t e d  in T a b l e  6.2. Identical results w e r e  o b t a i n e d  f r o m  clinical 
s p e c i m e n s  w h e n  t h e  R T - P C R  amplification w a s  r e p e a t e d  f r o m  l(il o f  R N A  s a m p l e .
6.4. D i s c u s s i o n .
T h e  R T - P C R  s y s t e m  u s e d  in this study, is o n e  w h i c h  w a s  d e v e l o p e d  t o  a m p l i f y  N S  
prot e i n  c o d i n g  R V  R N A  f r o m  cult u r e d  cells a n d  culture s u p e r n a t a n t s  for t h e  p u r p o s e s  o f  
c l o n i n g  a n d  s e q u e n c i n g  t h e  amplified c D N A  ( C h a p t e r  3). F r o m  T a b l e  6.2., it c a n  b e  
s e e n  that, w i t h  t h e  e x c e p t i o n  o f  s a m p l e  n u m b e r  8, w h e n  this s y s t e m  is u s e d  in 
c o m b i n a t i o n  w i t h  S o u t h e r n  blot hybridisation to  detect N S  c o d i n g  R V  R N A  in clinical 
s a m p l e s ,  it correlates w e l l  w i t h  t h e  results o f  serological tests (Dr. J. Best, St. T h o m a s  
Hospital, p e r s o n a l  c o m m u n i c a t i o n ) ,  virus isolation a n d  R T - P C R / S  d e t e c t i o n  o f  R V  R N A  
f r o m  t h e  structural E l  g e n e  (tested b y  T.  B o s m a ,  St. T h o m a s  Hospital). A l t h o u g h  n o  
R V  R N A  w a s  d e t e c t e d  in t h e  peripheral b l o o d  m o n o n u c l e a r  cells ( P B M C s )  o f  a  m a l e  
adult serologically c o n f i r m e d  as  h a v i n g  p r i m a r y  rubella infection ( s a m p l e  8), t h e  result 
w a s  in total a g r e e m e n t  w i t h  that o b t a i n e d  f r o m  th e  E l  R T - P C R / S .  U s i n g  t h e  latter 
s y s t e m ,  to date, it h a s  n o t  b e e n  possible to detect R V  R N A  in t h e  P B M C s  o f  patients 
serologically c o n f i r m e d  as h a v i n g  p r i m a r y  rubella infections (T. B o s m a ,  St. T h o m a s  
H ospital, p e r s o n a l  c o m m u n i c a t i o n ) .
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S O U T H E R N  B L O T  H Y B R I D I S A T I O N  O F  R V  c D N A  A M P L I F I E D  
F R O M  C L I N I C A L  S P E C I M E N S
FIGURE 6.2.
Figure 6.2. Notes.
Southern blot of 2% agarose gel in which the following samples were elcctrophorcscd: 130ng 
Digoxigenin-lahcllcd Lambda/Hind III (Lane 1), 400ng Unlahcllcd PhiX174/Hac III (Lane 2). 
Positive controls (Lancs 3 and 7), Blank Lane (Lane 4), Negative RT control (Lancs 5 and 14), 
Negative PCR control (Lanes 6 and 15), Clinical samples (Lanes 8, 9, 11, 12, 16, 17, 18, 19, 20 and 
21), Uninfected PBMC RNA (Lane 10), Uninfected Vero Cell RNA (Lane 13). Details of these 
samples arc given in Table 6.1. and Section 6.3. The results from the clinical samples arc 
summarised in Table 6.2. Lane numbers correspond to reaction numbers shown in Tables 6.1. 
and 6.2.
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A l t h o u g h  R V  R N A  is detec t a b l e  in R V - i n f e c t e d  P B M C s  w h i c h  h a v e  b e e n  infected 
a n d  g r o w n  in vitro ( s a m p l e  7, T a b l e  6.2.), it is likely that t h e  level o f  target R N A  is 
m u c h  h i g h e r  in t h e s e  s a m p l e s  t h a n  in t h o s e  in w h i c h  t h e  P B M C  R N A  is extra c t e d  
directly f r o m  b l o o d .  It is also possible that t h e  inability to  det e c t  R V  R N A  in patients 
P B M C s  purified directly f r o m  b l o o d  m a y  b e  d u e  to  t h e  p r e s e n c e  o f  inhibitors o f  T a q  
p o l y m e r a s e .  S u c h  a n  inhibitor h a s  b e e n  f o u n d  in g e n o m i c  D N A  w h i c h  w a s  extra c t e d  
f r o m  h u m a n  b l o o d  ( d e  F r a n c h i s  et al, 1988 ) .
A l t h o u g h ,  o n l y  a  sma l l  n u m b e r  o f  clinical s p e c i m e n s  w e r e  tested in this study, the 
results indicate that this s y s t e m  c o u l d  b e  m o r e  w i d e l y  appl i e d  to t h e  specific d e t e c t i o n  o f  
R V  R N A  in clinical s p e c i m e n s .  H o w e v e r ,  R N A  extra c t e d  f r o m  a  patient's P B M C s ,  
purified directly f r o m  b l o o d ,  s h o u l d  b e  r e g a r d e d  as a n  u n s u i t a b l e  s o u r c e  o f  clinical 
s a m p l e  until it c a n  b e  ascertained w h y  R V  R N A  d e t e c t i o n  h a s  n o t  b e e n  possible f r o m  
s u c h  s a m p l e s .
Potentially, R T - P C R  c o u l d  b e  e x t r e m e l y  useful for t he rapid prenatal d i a g n o s i s  o f  
foetal R V  infection. A s  d i s c u s s e d  in S e c t i o n  1.5.2., t h e  risk o f  foetal defor m i t i e s  is 
h i g h e s t  if foetal R V  infection o c c u r s  d u r i n g  t h e  first trimester (Miller et al, 1 9 8 2 ) .  If 
m a t e r n a l  R V  infection o c c u r s  w i t h i n  t h e  first 1 2  w e e k s  o f  p r e g n a n c y  a n d  is c o n f i r m e d  b y  
s e r o l o g y  (detection o f  rubella-specific I g M  a n d  increase in rubella-specific I g G  titre), 
t e r m i n a t i o n  is usually offered a n d  prenatal diag n o s i s  is c o n s i d e r e d  u n n e c e s s a r y .  
H o w e v e r ,  prenatal d i a g n o s i s  w o u l d  b e  particularly useful w h e n  infection o c c u r s  at 13 to 
1 6  w e e k s  a n d  it h a s  n o t  b e e n  serologically c o n f i r m e d ,  for e x a m p l e  w h e n  t h e  patient is 
n o t  p r e s e n t e d  until s o m e  t i m e  after t h e  infection o r  if m a t e r n a l  reinfection is s u s p e c t e d  o r  
c o n f i r m e d  (Dr. J. Bes t ,  St. T h o m a s  Hospital, p e r s o n a l  c o m m u n i c a t i o n ) .  D e t e c t i o n  o f  
rubella s p e c i f i c - I g M  a n tibodies in foetal s e r u m  in early p r e g n a n c y  is a  useful test b u t  
results in a  d e l a y  as  b l o o d  c a n n o t  b e  o b t a i n e d  b e f o r e  t h e  2 0 t h  w e e k  o f  p r e g n a n c y  a n d  
e v e n  at 2 3  w e e k s  false n e g a t i v e  results h a v e  b e e n  r e p o r t e d  ( D a f f o s  et al, 1 9 8 4 ;  
M o r g a n - C a p n e r  et al, 1 9 8 5 ;  G r a n g e o t - K e r o s t  et al, 198 8 ) .  V i r u s  isolation f r o m
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a m n i o t i c  fluid is s l o w  a n d  t h e  reliability o f  t h e  t e c h n i q u e  h a s  n o t  b e e n  established. 
D e t e c t i o n  o f  viral nucleic acid in c h o r i o n i c  villus s a m p l e s  b y  d o t  blot hybridisation w i t h  a  
R V  c D N A  p r o b e  w a s  s h o w n  to  l a c k  sensitivity b y  H o - T e r r y  a n d  c o l l e a g u e s  ( 1 9 8 8 )  w h o  
f o u n d  t h e  t e c h n i q u e  p r o d u c e d  false negatives. A n o t h e r  p r o b l e m  w i t h  t h e  t e c h n i q u e  for 
prenatal testing w a s  that t h e  w e t  w e i g h t  o f  m a n y  c h o r i o n i c  villus s a m p l e s  fell short o f  
that r e q u i r e d  t o  e n s u r e  a d e q u a t e  analysis b y  d o t  blot hybridisation. R T - P C R / S  d e t e c t i o n  
d o e s  offer a d v a n t a g e s  for prenatal d i a g n o s i s  b e c a u s e  o f  its s p e e d  a n d  sensitivity o f  virus 
detection. I n d e e d ,  a  n u m b e r  o f  R T - P C R / S  d etection s y s t e m s  h a v e  b e e n  d e v e l o p e d  for 
t h e  d e t e c t i o n  o f  R V  in clinical s a m p l e s .  T h e  first o f  t h e s e  s y s t e m s  e m p l o y e d  p r i m e r s  
d e s i g n e d  t o  a m p l i f y  part o f  t h e  E l  g l y c o p r o t e i n  g e n e  o f  R V  a n d  w a s  d e v e l o p e d  b y  H o -  
T e r r y  a n d  c o l l e a g u e s  ( 1 9 9 0 ) .  I n  their study, detec t i o n  o f  R V  R N A  in 5 o u t  o f  4 1  clinical 
s p e c i m e n s  w a s  s h o w n  t o  b e  consistent w i t h  t h e  clinical history a n d  t h e  results o b t a i n e d  
u s i n g  o t h e r  diagn o s t i c  tests; virus isolation, rubella-specific I g M  detection, d o t  blot 
hybridisation a n d  d e t e c t i o n  o f  viral a n t i g e n  in b i o p s y  s p e c i m e n s .  M o r e  recently, 
Inderlied et al ( 1 9 9 3 )  p u b l i s h e d  a  R T - P C R / S o u t h e r n  blot hybridisation ( R T - P C R / S )  
p r o t o c o l  w h i c h  h a s  b e e n  u s e d  to detect R V  R N A  in clinical s p e c i m e n s  s u c h  as b l o o d ,  
syno v i a l  fluid a n d  brain tissue. O t h e r  s y s t e m s  h a v e  b e e n  reported, inclu d i n g  that o f  
B o s m a  a n d  c o l l e a g u e s  ( 1 9 9 3 )  referred to a b o v e ,  all o f  w h i c h  i n c o r p o r a t e  P C R  p r i m e r s  
t a r g e t e d  at t h e  structural p rotein g e n e s  (Betzl et al, 1 9 9 3 ;  D o u g h e r t y  el ah, 1 9 9 3  a n d  
K a t o w  et al, 1993). W i t h  t h e  e x c e p t i o n  o f  B e t z l  a n d  c o l l e a g u e s  w h o s e  s y s t e m  
i n c o r p o r a t e s  p r i m e r s  d e s i g n e d  to  a n n e a l  in t h e  E 2  g e n e  region, all o t h e r  s y s t e m s  referred 
t o  a b o v e  e m p l o y  p r i m e r s  w h i c h  p r i m e  amplification o f  part o f  t h e  E l  g e n e .  T h e s e  
s y s t e m s  p r o v i d e  rapid results w h i c h  c a n  aid t h e  early prenatal d i a g n o s i s  o f  foetal R V  
infection. A  positive P C R  result, p r o v i d e d  car e  h a s  b e e n  t a k e n  to  e n s u r e  n o  
c o n t a m i n a t i o n  o c c u r r e d  (see S e c t i o n  2.2.10.1.), is indicative o f  foetal infection, b u t  
n e g a t i v e  results m u s t  b e  interpreted w i t h  caution. T h e  c urrent r e c o m m e n d e d  p r o c e d u r e  
for prenatal d i a g n o s i s  is: test as  m a n y  s a m p l e s  as possible ( a m n i o t i c  fluid, c h o r i o n i c  villi 
a n d  foetal b l o o d )  b y  R T - P C R / S ,  test for aibella-specific I g M  in foetal s e r u m  a n d  culture 
a m n i o t i c  fluid in o r d e r  to  isolate a n y  R V  p r e s e n t  (Dr. J. Best, St. T h o m a s  Hospital).
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A l t h o u g h  R T - P C R  h a s  b e e n  u s e d  b y  a  n u m b e r  o f  w o r k e r s  t o  det e c t  r e g i o n s  w i t h i n  
t h e  structural g e n e s  o f  R V  in clinical s a m p l e s ,  to  date, the r e  h a v e  b e e n  n o  p u b l i s h e d  
re p o r t s  o f  R T - P C R  d e t e c t i o n  o f  N S  p r o t e i n  c o d i n g  R V  R N A  in clinical s a m p l e s .  S i n c e  
viral R N A  m a y  o n l y  b e  p r e s e n t  at l o w  levels in clinical s a m p l e s  a n d  since it is e x t r e m e l y  
susceptible t o  d e g r a d a t i o n  b y  R N A a s e s ,  R T - P C R  t a r g e t e d  to  det e c t  o n e  r e g i o n  o f  t h e  
R V  g e n o m e  m a y  lead to false n e g a t i v e  results. T h e r e f o r e ,  w h e n  R V  h a s  n o t  b e e n  
d e t e c t e d  in foetal s a m p l e s  u s i n g  E l  o r  E 2  R T - P C R / S  tests, R T - P C R / S  d e t e c t i o n  o f  th e  
N S  c o d i n g  r e g i o n  m a y  p r o v i d e  a  usefiil additional test. T h e  R T - P C R / S  s y s t e m  u s e d  in 
this s t u d y  utilised P C R  p r i m e r s  w h i c h  p r i m e  t h e  amplification o f  t h e  v e r y  5' e n d  o f  t h e  
R V  g e n o m e ,  a  r e g i o n  w h i c h  is o v e r  7 , 0 0 0  n u c l e o t i d e s  u p s t r e a m  f r o m  t h e  E l  a n d  E 2  
g e n e s .  F o r  t h e  s a m e  r e a s o n  t h e  N S  R T - P C R / S  m a y  also b e  o f  u s e  in clinical studies 
a i m e d  at d e t e r m i n i n g  t h e  i n c i d e n c e  o f  c h r o n i c  c o m p l i c a t i o n s  f o l l o w i n g  m b e l l a  
v a c c i n a t i o n  ( d i s c u s s e d  in detail in S e c t i o n  1,7.7.). I n  particular, t h e  link b e t w e e n  R V  
a n d  c h r o n i c  arthritis requires further investigation. U s i n g  E l  P C R  p r i m e r s  in their R T -  
P C R  s y s t e m ,  D o u g h e r t y  et al, ( 1 9 9 3 )  d e t e c t e d  R V  R N A  in f o u r  o u t  o f  5 0  clinical 
s a m p l e s  t a k e n  f r o m  r h e u m a t o i d  arthritis cases. M i t c h e l l  a n d  c o l l e a g u e s  ( 1 9 9 3 ) ,  also 
u s i n g  E l  primers, failed to detect R V  R N A  in t h e  P B M C s  a n d  syno v i a l  i n f l a m m a t o r y  
infiltrates o f  a  patient w i t h  d o c u m e n t e d  c h r o n i c  rubella a s s o c i a t e d  arthritis. M i t c h e l l  et 
al s u g g e s t  that this m a y  b e  d u e  to  lac k  o f  sensitivity in t h e  R T - P C R  o r  to  th e  patient 
rece i v i n g  i m m u n o s u p p r e s s i v e  treatment. H o w e v e r ,  in a t t e m p t i n g  to r e d u c e  false
(X&p.qM.vc,-positive- R T - P C R  results w h i c h  m a y  o c c u r  in clinical studies s u c h  as these, it m a y  b e  
beneficial t o  target b o t h  s t m c t u r a l  a n d  N S  r e g i o n s  o f  th e  R V  g e n o m e .  It is n o t  k n o w n  
w h e t h e r  defective-interfering particles ( D I P s )  p l a y  a  role in t h e  p a t h o g e n e s i s  o f  R V .  
F r e y  a n d  H e m p h i l l  ( 1 9 8 8 )  d e m o n s t r a t e d  that D I P s  are g e n e r a t e d  d u r i n g  persistent 
infection in V e r o  cells initiated b y  a  h i g h  multiplicity o f  infection w i t h  plaque-purified 
R V .  Intracellular defective-interfering ( D I )  R N A s  o f  7 5 0 0 ,  1 4 0 0  a n d  8 0 0  n u c l e o t i d e s  in 
l e n g t h  w e r e  d e t e c t e d  w i t h  t h e  t w o  larger D I  R N A s  b e i n g  e n c a p s i d a t e d  into virus 
particles. If s u c h  D I  R V  R N A s  a re g e n e r a t e d  d u r i n g  t h e  persistent infections w h i c h  
o c c u r  in patients w i t h  c h r o n i c  arthritis, R T - P C R  studies directed at d e t e c t i o n  o f  at least
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two distinct regions of the R V  genome should be performed (Mitchell e l ctl., 1993).
T h e  results f r o m  this s t u d y  indicate that t h e  N S  R T - P C R / S  s y s t e m  e m p l o y e d  h e r e  
m a y  b e  suitable for u s e  as a  d i a gnostic test for prenatal rubella infection. H o w e v e r ,  a  
larger n u m b e r  o f  s a m p l e s  n e e d  t o  b e  tested in o r d e r  t o  validate its r o u t i n e  u s e  for this 
p u r p o s e .  A s  h a s  b e e n  discussed, it m a y  b e  a d v a n t a g e o u s  t o  detect at least t w o  distinct 
g e n o m i c  r e g i o n s  o f  R V  w h e n  u s i n g  R T - P C R  s y s t e m s  for d i a g n o s t i c  a n d  r e s e a r c h  
p u r p o s e s .  I n d e e d ,  u s e d  t o g e t h e r  w i t h  a  R T - P C R  test t a r g e t e d  at t h e  d e t e c t i o n  o f  
structural c o d i n g  r e g i o n s  o f  R V  R N A ,  t h e  N S  R T - P C R  s y s t e m  c o u l d  b e  utilised to 
distinguish b e t w e e n  t h e  p r e s e n c e  o f  g e n o m i c  R V  R N A  a n d  s u b g e n o m i c  R V  R N A .  S u c h  
i n f o r m a t i o n  m a y  b e  useful in s t u d y i n g  viral persistence a n d  g e n e r a t i o n  o f  D I P s  in vitro 
a n d  in vivo.
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A  n u m b e r  o f  live a t t e n u a t e d  rubella vaccines, w h i c h  w e r e  d e v e l o p e d  in t h e  m i d -  
1 9 6 0 s ,  h a v e  b e e n  v e r y  successful in greatly r e d u c i n g  t h e  i n c i d e n c e  o f  c o n g e n i t a l  rubella 
s y n d r o m e  ( C R S )  ( S e c t i o n  1.7.). T h e  u s e  o f  s u c h  v a c c i n e s  is, h o w e v e r ,  contra-indicated 
d u r i n g  p r e g n a n c y  a n d  in i m m u n o s u p p r e s s e d  patients a n d  a l t h o u g h ,  t h e  v a c c i n e s  are 
efficacious a n d  d o  n o t  usually i n d u c e  a d v e r s e  reactions in children, joint s y m p t o m s  
o c c u r  in susceptible adult w o m e n  f o l l o w i n g  vaccination. T r a n s i e n t  arthralgia a n d  
arthritis h a s  b e e n  r e p o r t e d  to  o c c u r  in a p p r o x i m a t e l y  2 5  p e r  c e n t  o f  v a c c i n a t e d  w o m e n  
a n d  c a s e s  o f  p o l y n e u r o p a t h i e s  a n d  c h r o n i c  arthritis h a v e  also b e e n  reported. T h e  
i n c i d e n c e  o f  joint s y m p t o m s  a p p e a r s  to  v a r y  a c c o r d i n g  to t h e  particular v a c c i n e  strain 
u s e d  ( S e c t i o n  1.7.7.). T h e  v i m s  itself d o e s  n o t  g r o w  w e l l  in cell culture a n d  t h e  
p r o d u c t i o n  o f  rubella antig e n s  suffer f r o m  b a t c h  to b a t c h  variation. F o r  t h e s e  reasons, 
t h e r e  is a  n e e d  t o  d e v e l o p  i m p r o v e d  rubella v a c c i n e s  a n d  d i a g n o s t i c  reagents. A l t h o u g h  
i n f o r m a t i o n  r e g a r d i n g  t h e  i m m u n o d o m i n a n t  r e g i o n s  w i t h i n  t h e  structural proteins 
( S e c t i o n  1.4.) will co n t r i b u t e  t o  s u c h  d e v e l o p m e n t s ,  d e t e r m i n a t i o n  o f  t h e  m o l e c u l a r  basis 
o f  at t e n u a t i o n  a n d  variant r e actogenicity o f  R V  strains m a y  p r o v e  to b e  invaluable. T h i s  
will o n l y  b e  possible w i t h  t h e  g e n e r a t i o n  o f  m o r e  s e q u e n c e  d a t a  f r o m  w i l d - t y p e  a n d  
v a c c i n e  R V  strains.
T h e  p r i m a r y  a i m  o f  t h e s e  studies w a s  t o  c l o n e  a n d  s e q u e n c e  t h e  5' N C  r e g i o n  a n d  N S  
p r o t e i n  c o d i n g  r e g i o n  o f  t h e  T h o m a s  w i l d - t y p e  a n d  C e n d e h i l l  v a c c i n e  strains o f  R V .  
Initial efforts o f  t h e s e  studies f o c u s e d  o n  t h e  d e v e l o p m e n t  o f  a  reliable R T - P C R  
p r o c e d u r e  t o  a m p l i f y  c D N A  f r o m  t a r g e t e d  r e g i o n s  o f  R V  g e n o m i c  R N A ,  s o  that t h e s e  
r e g i o n s  c o u l d  b e  c l o n e d  a n d  s e q u e n c e d .  T h i s  p r o c e d u r e  offers a d v a n t a g e s  o v e r  
c o n v e n t i o n a l  c l o n i n g  for t h e  e x a m i n a t i o n  o f  specific r e g i o n s  o f  closely related viruses. 
T h e s e  i n c l u d e  faster isolation a n d  less e x p e n d i t u r e  in t i m e  a n d  effort to  identify, c l o n e  
a n d  s e q u e n c e  a  particular r e g i o n  in o n e  o r  m o r e  strains o f  t h e  s a m e  v i m s .
F r o m  t h e  studies p e r f o r m e d  in C h a p t e r  3, a  reliable m e t h o d o l o g y  for th e  r e v e r s e  
transcription ( R T )  a n d  amplification, b y  P C R  o f  R V  R N A  w a s  d e v e l o p e d .  T h e  s y s t e m
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w a s  o p t i m i s e d  u s i n g  P C R  buffer t h r o u g h o u t ,  a l t h o u g h  t h e  m a g n e s i u m  c o n c e n t r a t i o n  w a s  
i n c r e a s e d  t o  5 m M  d u r i n g  R T  to  m a i n t a i n  R A V - 2  R T  activity. T h e  s y s t e m  w a s  u s e d ,  to  
a m p l i f y  R V  c D N A  f r a g m e n t s  f r o m  w h i c h  t h e  s e q u e n c e  d a t a  w h i c h  f o r m e d  t h e  basis o f  
t h e s e  studies, w a s  derived. T h e  R T - P C R  p r o t o c o l  d e v e l o p e d  here, w a s  also u s e d  
successfully in c o n j u n c t i o n  w i t h  s o u t h e r n  blot hybridisation t o  a m p l i f y  a n d  detect R V  
R N A  in clinical s a m p l e s  ( C h a p t e r  6). W h e n  i n c u b a t i n g  R T  reactions at 4 2 ° C ,  five 
p r i m e r s  ( P J  P r i m e r s ,  T a b l e  3.1.) d e s i g n e d  t o  specifically a n n e a l  at t w e l v e  sites a l o n g  t h e  
R V  g e n o m e  ( F i g u r e  3.1.) w e r e  s h o w n  t o  greatly i m p r o v e  t h e  yields o f  R T - P C R  
p r o d u c t s  w h e n  c o m p a r e d  t o  p r i m i n g  t h e  R T  r eaction b y  u s e  o f  r a n d o m  h e x a m e r s  ( F i g u r e
3.3.). P J  p r i m e r s  w e r e  successfully u s e d  to p r i m e  m a n y  o t h e r  R T  r e actions ( C h a p t e r s  5 
a n d  6). T h e  failure to a m p l i f y  t h e  'ep' f r a g m e n t  ( F i g u r e  3.2.) u s i n g  t h e  R T - P C R  
p r o t o c o l s  d e s c r i b e d  in C h a p t e r  4, necessitates t h e  n e e d  to  i n c o r p o r a t e  s o m e  o f  t h e  recent 
R T - P C R  m o d i f i c a t i o n s  ( d e s c r i b e d  in S e c t i o n  4.3.) for a m p l i f y i n g  D N A  r e g i o n s  o f  h i g h  
G C  content, into future R T - P C R  reactions t a r g e t e d  at amplification o f  this region. 
D u r i n g  t h e  c o u r s e  o f  this w o r k ,  a n  a s s e s s m e n t  o f  factors i n v o l v e d  in R T - P C R  reactions 
w a s  p e r f o r m e d ,  t h e  findings o f  w h i c h  are d i s c u s s e d  in m o r e  detail in C h a p t e r s  3 a n d  4. 
T w o  o f  t h e s e  findings, h o w e v e r ,  are w o r t h y  o f  n o t e  here. T h e  first o f  t h e s e  is that for 
t h e  R T - P C R  s y s t e m  e m p l o y e d  in t h e s e  studies, R N A  t e m p l a t e  c o n c e n t r a t i o n  a p p e a r e d  to 
h a v e  a  gre a t e r  influence o n  reactions t h a n  m a g n e s i u m  c o n c e n t r a t i o n  a n d  t h e  s e c o n d  is 
that m a n y  o f  t h e  guidelines for o l i g o n u c l e o t i d e  p r i m e r  d e s i g n  m a y  b e  c o n t r a v e n e d  in t h e  
d e s i g n i n g  o f  successful P C R  p r i m e r s  ( S e c t i o n  5.3.).
T h e  R T - P C R  s y s t e m  d e v e l o p e d  h e r e  a n d  t h e  large battery o f  P C R  p r i m e r s  ( T a b l e
3.3.) w h i c h  w e r e  successfully u s e d  for t h e  amplification o f  t h e  R V  strains studied, m a y  
also facilitate future studies o f  o t h e r  R V  strains.
F o l l o w i n g  t h e  g e n e r a t i o n  o f  s e q u e n c e  data, a  central a i m  o f  t h e s e  studies w a s  to 
identify a n y  n u c l e o t i d e s  o r  a m i n o  acids w h i c h  ar e  p r e s e n t  o n l y  in v a c c i n e  strains a n d  are 
t h e r e f o r e  potentially i m p o r t a n t  for t h e  a t t enuation o f  R V .  T h r e e  a m i n o  acids u n i q u e  to
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t h e  C e n d e h i l l  v a c c i n e  strain w e r e  b e e n  identified in t h e  c o u r s e  o f  this w o r k ,  all o f  w h i c h  
m a y  b e  i n v o l v e d  in attenuation, a l t h o u g h  t h e  n o n - c o n s e r v a t i v e  substitution o f  cysteine 
for arginine at position 1 9 7 7  w i t h i n  t h e  p utative p o l y m e r a s e  d o m a i n  m a y  p r o v e  to  b e  t h e  
m o s t  i m p o r t a n t  o f  t h e s e  ( S e c t i o n  4.3.). W h e n  t h e  first 1 6 6  a m i n o  acids o f  t h e  N S  
p o l y p e p t i d e  o f  n i n e  R V  strains w e r e  c o m p a r e d ,  a m i n o  acid substitutions w h i c h  o c c u r r e d  
in v a c c i n e  strains only, w e r e  f o u n d  at positions 3  a n d  4 2  ( T a b l e  5.3.). T h e  f o r m e r  
substitution is u n i q u e  to  R A 2 7 / 3  a n d  t h e  latter is c o m m o n  t o  R A 2 7 / 3  a n d  T O - 3 3 6  
strains. A l t h o u g h  t h e s e  substitutions a re c o n s e r v a t i v e  in n a t u r e  a n d  d o  n o t  a p p e a r  in 
clo s e  p r o x i m i t y  to positions presently identified as putative active sites, t h e  fact that t h e y  
o c c u r  o n l y  in v a c c i n e  strains m e a n s  the r e  is t h e  possibility that t h e y  h a v e  s o m e  role to 
p l a y  in attenuation. N u c l e o t i d e  differences b e t w e e n  w i l d - t y p e  a n d  v a c c i n e  strains w h i c h  
o c c u r  in potentially i m p o r t a n t  sites at t h e  5' e n d  o f  t h e  g e n o m e ,  h a v e  also b e e n  
identified. T h e  n u c l e o t i d e s  at position 3 7  in C e n d e h i l l  a n d  T O - 3 3 6  a n d  position 4 8  in 
R A 2 7 / 3  v a c c i n e  strains, o c c u r  w i t h i n  a  r e g i o n  w h i c h  in t he positive R N A  strand is 
t h o u g h t  t o  b e  i n v o l v e d  in t h e  initiation o f  translation a n d  in t h e  n e g a t i v e  R N A  strand is 
t h o u g h t  t o  b e  i n v o l v e d  in t h e  initiation o f  positive strand R N A  replication ( F i g u r e  5.4., 
S e c t i o n  5.3., P o g u e  etal., 1 9 9 3 ;  N a k h a s i  eta!,, 1991).
S i n c e  R V  is a n  R N A  v i m s ,  t h e  potential for s e q u e n c e  variation b e t w e e n  strains is 
likely t o  b e  h i g h e r  t h a n  that s e e n  in D N A  viruses. T h e  h i g h  m u t a t i o n  rates w h i c h  h a v e  
b e e n  r e p o r t e d  in R N A  viruses are t h o u g h t  to b e  d u e  to t h e  e r r o r - p r o n e  synthesis b y  t h e  
viral R N A  p o l y m e r a s e s  a n d  r e v e r s e  transcriptases w h i c h  la c k  t h e  capability o f  p r o o f ­
r e a d i n g  ( H o l l a n d  et al, 198 2 ) .  In vivo a n d  in vitro e s t i m a t e s  o f  a v e r a g e  error 
f r e q u e n c i e s  o f  v i m s  R N A  p o l y m e r a s e s  a n d  r e v e r s e  transcriptases s u g g e s t  
m i s i n c o r p o r a t i o n  f r e q u e n c i e s  o f  t h e  o r d e r  o f  I O -4 to 1 0 " 5 , v a l u e s  w h i c h  ar e  generally a  
million-fold g reater t h a n  t h o s e  s e e n  in D N A  p o l y m e r a s e s  ( H o l l a n d  et al, 199 2 ) .  
E v i d e n c e  o f  h e t e r o g e n e i t y  in natural isolates h a s  b e e n  r e p o r t e d  for a  n u m b e r  o f  R N A  
viruses. A  s e q u e n c e  difference o f  o v e r  o n e  p e r  c e n t  w a s  r e p o r t e d  a m o n g  o v e r l a p p i n g  
c D N A  c l o n e s  o f  m e a s l e s  v i m s  R N A  isolated f r o m  brain tissue o f  a  single s u b - a c u t e
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sclerosing p a n e n c e p h a l t i s  ( S S P E )  patient ( C a t t a n e o  et al., 1 9 8 6 ) .  D u r i n g  a o n e - y e a r  
o u t b r e a k  o f  poliovirus, t y p e  1 poliovirus isolates w e r e  r e p o r t e d  t o  s h o w  a  o n e  t o  t w o  
p e r  c e n t  m u t a t i o n  rate o f  t h e  poliovirus g e n o m e ,  whilst that o f  H u m a n  
I m m u n o d e f i c i e n c y  V i r u s  ( H I V )  w a s  e s t i m a t e d  t o  b e  at least 0.1 p e r  c e n t  p e r  y e a r  for th e  
e n v  g e n e  a n d  0 . 0 1  p e r  c e n t  for t h e  g a g  g e n e  ( N o t t a y  et a l, 1 9 8 1 ;  H a h n  et a l, 1986).
T h e  h i g h  m u t a t i o n  rates in R N A  viruses p r o d u c e  h e t e r o g e n e o u s  p o p u l a t i o n s  e v e n  in 
virus clones. F o l l o w i n g  serial p a s s a g e  ( 2 8  to  3 0  v i m s  p a s s a g e s )  in cell culture o f  a  large 
n u m b e r  o f  plaque-purified F o o t - a n d - M o u t h  D i s e a s e  V i m s  ( F M D V )  isolates, analysis o f  
individual c l o n e s  indicated that e a c h  infectious R N A  m o l e c u l e  differed f r o m  t h e  parental 
s e q u e n c e  b y  a n  a v e r a g e  o f  t w o  t o  eight m u t a t i o n s  ( S o b r i n o  et al., 1 9 8 3 ) .  It is highly 
likely that c l o n e d  o r  u n c l o n e d  p o p u l a t i o n s  o f  m o s t  R N A  viruses d o  n o t  consist o f  a 
single g e n o m e  species o f  d e f i n e d  s e q u e n c e ,  b u t  rather o f  h e t e r o g e n e o u s  m i x t u r e s  o f  
related g e n o m e s  ( D o m i n g o  et a l, 1 9 8 5 ) .  T h e  t e r m  q u a s i s p e c i e s  h a s  b e e n  u s e d  to 
d e s c r i b e  s u c h  viral R N A  populations. T h e  t e r m  particularly relates to t h e  i d e a  o f  R N A  
virus p o p u l a t i o n s  existing usually as v e r y  large p o p u l a t i o n s  c o m p r i s e d  o f  m a n y  millions 
t o  billions o f  g e n o m e s ,  e a c h  o f  w h i c h  h a s  a  h i g h  probability o f  b e i n g  a  m u t a n t  w i t h  
r e g a r d  t o  t h e  a v e r a g e  g e n o m e  s e q u e n c e .  W h e r e  v e r y  large a n d  d iverse quasis p e c i e s  
p o p u l a t i o n s  exist, e v e r y  possible single-base m u t a n t ,  t w o - b a s e  m u t a n t  c o m b i n a t i o n  a n d  
h i g h e r  o r d e r  c o m b i n a t i o n s  ar e  represented. U s i n g  th e  q u a s i s p e c i e s  m o d e l ,  biological 
selection is n o t  t a r g e t e d  o n l y  at t h e  single m o s t  fit g e n o m e  s e q u e n c e  ( m a s t e r  s e q u e n c e )  
p r e s e n t  b u t  also at a  s p e c t m m  o f  related m u t a n t  s e q u e n c e s .  T h e r e  m a y  b e  o n l y  o n e  
m a s t e r  s e q u e n c e  that exhibits m a x i m u m  fitness in a n y  d e f i n e d  e n v i r o n m e n t  o r  t h e r e  m a y  
b e  a  n u m b e r  o f  equa l l y  fit m a s t e r  s e q u e n c e s  b u t  t h e y  will b e  selected a l o n g  w i t h  m u t a n t  
s w a r m s .  W h e n  e n v i r o n m e n t a l  c o n d i t i o n s  c h a n g e  s o  that n e w  m a s t e r  s e q u e n c e s  are 
required, diverse qu a s i s p e c i e s  s w a r m s  i ncrease t h e  probability that s u c h  s e q u e n c e s  will 
b e  available to e v o l v e  a w a y  f r o m  t h e  s w a r m  in w h i c h  it originated. M a s t e r  s e q u e n c e s  
a n d  c o n s e n s u s  s e q u e n c e s  m a y  exhibit relative stability in s o m e  e n v i r o n m e n t s ,  o r  t h e y  
m a y  c h a n g e  e x t r e m e l y  rapidly, w i t h  s o m e  b e i n g  p r e s e n t  for o n l y  a  v e r y  short time. A n
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e x a m p l e  o f  t h e  f o r m e r  c a n  b e  s e e n  w i t h  t h e  g e n o m e  o f  t y p e  3 S a b i n  poliovirus v a c c i n e  
w h i c h  differs f r o m  that o f  its n e u r o v i r u l e n t  p r o g e n i t o r  at o n l y  1 0  n u c l e o t i d e  positions 
after 5 3  in vitro a n d  2 1  in vivo p a s s a g e s  in m o n k e y  tissue ( S t a n w a y  et al., 1984). 
S t u d i e s  o n  t h e  vesicular stomatitis virus ( V S V )  p r o v i d e  e v i d e n c e  o f  t h e  extent t o  w h i c h  
selective p r e s s u r e s  exert influence o n  t h e  gene t i c  stability o f  R N A  viaises. N o  
m u t a t i o n s  c o u l d  b e  d e t e c t e d  in vesicular stomatitis virus ( V S V )  w h i c h  h a d  b e e n  serially 
p a s s a g e d  o v e r  5 0 0  t i m e s  in B H K - 2 1  cells u n d e r  l o w  multiplicity p a s s a g e  c o n d i t i o n s  
( S t e i n h a u e r  et al., 1989). H o w e v e r ,  w h e n  virus p o p u l a t i o n  equilibria w e r e  d i s r u p t e d  b y  
h i g h  multiplicity p a s s a g e ,  e x t r e m e  p o p u l a t i o n  h e t e r o g e n e i t y  w a s  o b s e r v e d  w i t h  s o m e  
m e m b e r s  o f  t h e  virus p o p u l a t i o n  differing f r o m  oth e r s  at h u n d r e d s  o f  g e n o m e  positions. 
A  r e c e n t  s t u d y  o f  t h e  p o l y m e r a s e - a s s o c i a t e d  p h o s p h o p r o t e i n  (P) g e n e  o f  V S V  w h i c h  
i n v o l v e d  c o m p a r i s o n s  o f  n u c l e o t i d e  s e q u e n c e s  f r o m  1 4 9  dive r s e  V S V  N e w  J e r s e y  
isolates, r e v e a l e d  a n  e v o l u t i o n a r y  p a t t e r n  p r e v i o u s l y  u n s e e n  ( N i c h o l  et al., 1993). 
A l t h o u g h  u p  t o  2 5  p e r  c e n t  s e q u e n c e  variation w a s  s e e n  a m o n g  t h e s e  isolates, this did 
n o t  correlate w i t h  t i m e  o f  virus isolation b u t  w i t h  a  s o u t h - t o - n o r t h  g e o g r a p h i c a l  
p r o g r e s s i o n  f r o m  P a n a m a  to t h e  U n i t e d  States. I n  o n e  particular g e o g r a p h i c a l  region, 
o n l y  t w o  n u c l e o t i d e s  differed a m o n g  2 7  viruses isolated o v e r  a  s e v e n  y e a r  p e r i o d  f r o m  
w i l d  pi g s  a n d  sandflies a n d  i n d e e d  2 3  o f  t h e  viruses s h o w e d  identical s e q u e n c e s .  I n  
a n o t h e r  region, t w o  viruses isolated less t h a n  5 0 k m  apart, o n e  a n  insect isolate a n d  t h e  
o t h e r  a  cattle isolate, differed b y  o n l y  t w o  nu c l e o t i d e s  despite a  1 5  y e a r - g a p  in their 
isolations. T h u s ,  despite t h e  overall g e n e t i c  diversity, several e x a m p l e s  o f  l o n g - t e r m  
g e n e t i c  stasis c o u l d  b e  s e e n  w i t h i n  g e o g r a p h i c a l l y  limited e n z o o t i c  foci. S i n c e  V S V  is 
tr a n s m i t t e d  via insect vectors, as t h e  virus m o v e d  f r o m  its origins in C e n t r a l  A m e r i c a ,  it 
w o u l d  h a v e  t o  a d a p t  to  life in different insect vectors. It c o u l d  b e  that b e c a u s e  t h e  
p o l y m e r a s e - a s s o c i a t e d  p h o s p h o p r o t e i n  m u s t  f u n c t i o n  w i t h  t h e  p o l y m e r a s e  o f  t h e  insect 
host, it w o u l d  b e  e x p e c t e d  to e v o l v e  rapidly a n d  quite possibly, in a  w a y  that reflects 
g e o g r a p h y  m o r e  t h a n  time.
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T h e  d a t a  g e n e r a t e d  f r o m  t h e  p r e s e n t  studies p r o v i d e  t h e  first o p p o r t u n i t y  for t h e  
d e g r e e  o f  variation b e t w e e n  strains, w i t h  r e g a r d  to  t h e  N S  c o d i n g  a n d  part o f  t h e  5' N C  
r e g i o n s  o f  t h e  R V  g e n o m e ,  to  b e  assessed. A  h i g h  d e g r e e  o f  s e q u e n c e  c o n s e r v a t i o n  h a s  
b e e n  r e p o r t e d  w h e n  structural pro t e i n  c o d i n g  r e g i o n s  o f  R V  strains w e r e  c o m p a r e d .  
O n l y  a  0.3 p e r  c e n t  difference w a s  s e e n  b e t w e e n  t h e  n u c l e o t i d e  s e q u e n c e s  o f  the 
structural c o d i n g  r e g i o n  o f  H P V 7 7 . D E 5  a n d  its p r o g e n i t o r  strain M 3 3 ,  despite 7 7  
p a s s a g e s  in v e r v e t  m o n k e y  k i d n e y  cells a n d  five in d u c k  e m b r y o  cells in vif.ro ( Z h e n g  et 
a l , 1 9 8 9 ) .  T h e  T h e r i e n  strain v a r i e d  b y  o n l y  five substitutions o u t  o f  7 6 3  a m i n o  acid 
re s i d u e s  (0.65 p e r  cent) in t h e  structural g e n e  r e g i o n  f r o m  its p r o g e n i t o r  strain, 
f o l l o w i n g  m ultiple p a s s a g e  in t w o  different laboratories o v e r  a  p e r i o d  o f  y e a r s  ( C h a n t l e r  
et al., 1993). H o w e v e r ,  p h e n o t y p i c  variation is k n o w n  to o c c u r  in R V  strains b e t w e e n  
a n d  w i t h i n  v a c c i n e  a n d  w i l d - t y p e  strains a n d  a  greater d e g r e e  o f  s e q u e n c e  i n f o r m a t i o n  is 
r e q u i r e d  in o r d e r  that t h e  m o l e c u l a r  d e t e r m i n a n t s  o f  s u c h  p h e n o t y p i c  differences, 
particularly t h o s e  re s p o n s i b l e  for attenuation, m a y  b e  identified ( C h a n t l e r  et. al, 1993 ) .  
A l t h o u g h  a  greater d e g r e e  o f  difference (3 p e r  cent) w a s  s e e n  w h e n  t h e  a m i n o  acids o f  
t h e  structural g e n e s  o f  t h e  R A 2 7 / 3  v a c c i n e  strain a n d  T h e r i e n  w i l d - t y p e  strain w e r e  
c o m p a r e d ,  a  n u m b e r  o f  attenuating m u t a t i o n s  m a y  b e  p r e s e n t  in t h e  N S  c o d i n g  a n d  5' 
N C  regions. S e q u e n c e  c o m p a r i s o n s  o f  t h e  N S  p rotein c o d i n g  region, p e r f o r m e d  d u r i n g  
t h e  c o u r s e  o f  t h e s e  studies, s u p p o r t  th e  findings o f  earlier c o m p a r i s o n s  o f  t h e  structural 
g e n e s  o f  R V  (referred t o  earlier; T a b l e  7.1.) in s h o w i n g  a  h i g h  d e g r e e  o f  s e q u e n c e  
c o n s e r v a t i o n  w i t h i n  R V .  W h e n  t h e  n u c l e o t i d e  s e q u e n c e s  o f  f o u r  r e g i o n s  o f  th e  wild- 
t y p e  strains T h o m a s ,  T h e r i e n  a n d  M 3  3 ar e  c o m p a r e d ,  th e  r e g i o n  exhibiting t h e  highest 
d e g r e e  o f  variation e x t e n d s  f r o m  n u c l e o t i d e  1 8  to n u c l e o t i d e  6 4  o f  t h e  R V  g e n o m e .  T h e  
findings o f  P o g u e  ( 1 9 9 3 )  a n d  N a k h a s i  ( 1 9 9 1 )  indicate this is a r e g i o n  w h i c h ,  in t he 
positive strand R N A ,  is i n v o l v e d  in t h e  initiation o f  translation a n d  in t h e  n e g a t i v e  strand 
R N A ,  is i n v o l v e d  in th e  initiation o f  positive strand R N A  replication. If this is s o  t h e n  
t h e  g r e a t e r  d e g r e e  o f  s e q u e n c e  variation s e e n  in this r e g i o n  m a y ,  in part, a c c o u n t  for the 
differences s e e n  in t h e  replication o f  R V  strains w h e n  g r o w n  in V e r o  cells ( C h a n t l e r  
et al, 1 9 9 3 ) .  It m a y  b e  significant that w h e n  C h a n t l e r  a n d  c o l l e a g u e s  c o m p a r e d  T herien,
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M 3 3  a n d  H P V 7 7 . D E 5  strains w i t h  T h o m a s ,  R A 2 7 / 3 ,  C e n d e h i l l  a n d  I B 2  (wild-type), t h e  
f o r m e r  strains g r e w  to  h i g h e r  titres a n d  s h o w e d  similar t e m p e r a t u r e  sensitivity at 3 9 ° C .  
T h e r i e n ,  M 3  3 a n d  H P V 7 7 . D E 5  strains h a v e  identical s e q u e n c e s  o v e r  t h e  r e g i o n  
c o n t a i n i n g  n u c l e o t i d e s  1 8  t o  64. T h e s e  thr e e  strains also p r o d u c e  similar p i n p o i n t  
m i c r o f o c i  in R K 1 3  cells ( K o u r i  et al, 1974).
O n e  a i m  o f  t h e s e  studies w a s  to identify nucle o t i d e s  w h i c h  w o u l d  a l l o w  v a c c i n e  
strains to  b e  distinguished f r o m  w i l d - t y p e  strains. Characteristic n u c l e o t i d e s  h a v e  b e e n  
r e p o r t e d  for o t h e r  viruses w h i c h  h a v e  p r o v e d  useful in t r a c k i n g  r e v e r s i o n  o f  v a c c i n e  
strains to  neu r o v i r u l e n c e .  F o r  e x a m p l e ,  t h e  S a b i n  v a c c i n e  poliovirus t y p e  3 differs f r o m  
its p a r e n t  virus b y  1 0  nucleotides, t w o  o f  w h i c h  h a v e  b e e n  s h o w n  to  b e  re s p o n s i b l e  for 
t h e  at t e n u a t i o n  o f  n e u r o v i r u l e n c e  ( W e s t r o p  et al., 198 9 ) .  B o t h  i n v o l v e  t h e  substitution 
o f  a  uridine for a  cytidine, o n e  in t h e  5' N C  r e g i o n  ( d i s c u s s e d  in m o r e  detail in C h a p t e r  
5) a n d  t h e  o t h e r  at n u c l e o t i d e  2 0 3 4  resulting in a  serine-to-phenylalanine a m i n o  acid 
substitution in t h e  structural prot e i n  V P 3 .  S e q u e n c e  c o m p a r i s o n  o f  a  y e l l o w  fever 
v a c c i n e  virus ( Y F V V )  isolated f r o m  t h e  brain o f  a  three y e a r - o l d  girl w h o  d i e d  f r o m  
post-va c c i n a l  encephalitis w i t h  that o f  its p a r e n t  1 7 D - 2 0 4  v a c c i n e  strain, r e v e a l e d  t w o  
n u c l e o t i d e  c h a n g e s  c o d i n g  for t w o  a m i n o  acid substitutions in t h e  E  protein, o n e  o f  
w h i c h  (at position 3 0 3 )  is t h o u g h t  to b e  respo n s i b l e  for t h e  r e v e r s i o n  t o  n e u r o v i r u l e n c e  
( J e n n i n g s  et al., 1994 ) .  It w a s  s u g g e s t e d  that the v a c c i n e  w a s  h e t e r o g e n e o u s  a n d  
c o n t a i n e d  a  small p o p u l a t i o n  o f  variant n e u r o v i r u l e n t  Y F  virions (see earlier r e f e r e n c e  to 
q u a s i s p e c i e s  in this discussion) that w e r e  selected for b y  this girl's i m m u n e  s y s t e m .
T h e  s e q u e n c e  d a t a  g e n e r a t e d  in t h e s e  studies h a s  also r e v e a l e d  n u c l e o t i d e s  w h i c h  
m a y  b e  u s e d  as m a r k e r s  for t h e  identification o f  particular R Y  strains. S u c h  i n f o r m a t i o n  
c o u l d  b e  u s e d  in c o n j u n c t i o n  w i t h  R T - P C R  d e t e c t i o n  a n d  n u c l e o t i d e  s e q u e n c i n g  o f  R V  
t o  d e t e r m i n e  w h e t h e r  w i l d - t y p e  o r  v a c c i n e  R V  strains are r e s p o n s i b l e  for s y m p t o m s  s u c h  
as a c u t e  a n d  c h r o n i c  a r t h r o p a t h y  w h i c h  h a v e  b e e n  r e p o r t e d  p o s t v a c c i n a t i o n  particularly 
f o l l o w i n g  R A 2 7 / 3  v a c c i n a t i o n  ( S e c t i o n  1.7.7.). I n d e e d ,  F r e y  a n d  A b e r n a t h y  ( 1 9 9 3 )  h a s
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identified five n u c l e o t i d e s  w i t h i n  t h e  E l  structural p rotein c o d i n g  r e g i o n  w h i c h  are 
characteristic o f  t h e  R A 2 7 / 3  v a c c i n e  strain. I n  t h e  c o u r s e  o f  t h e s e  studies h o w e v e r ,  
n u c l e o t i d e s  h a v e  b e e n  identified in a  r e g i o n  o f  th e  R V  g e n o m e  (nucle o t i d e s  1 8  t o  5 4 0 )  
w h i c h  a l l o w  t h e  differentiation o f  R A 2 7 / 3 ,  C e n d e h i l l  a n d  T O - 3 3 6  v a c c i n e  strains f r o m  
w i l d - t y p e  strains ( S e c t i o n  5.3.). T h i s  r e g i o n  h a s  b e e n  r e p r o d u c i b l y  ampl i f i e d  f r o m  R N A  
purified f r o m  b o t h  c u l t u r e d  R V  ( C h a p t e r s  3 a n d  5) a n d  clinical s a m p l e s  ( C h a p t e r  6) 
u s i n g  o n e  set o f  P C R  p r i m e r s  ( R T 1  a n d  P C R B ) .  S i n c e  all o f  t h e s e  v a c c i n e  strains h a v e  
b e e n  a s s o c i a t e d  t o  a  greater o r  lesser d e g r e e  w i t h  side effects ( S e c t i o n  1.7.7.), t he 
s e q u e n c e  i n f o r m a t i o n  g e n e r a t e d  f r o m  this particular r e g i o n  ( C h a p t e r  5) u s e d  in 
c o n j u n c t i o n  w i t h  s e q u e n c e  d a t a  f r o m  t h e  E l  r e g i o n  m a y  p r o v e  to b e  e x t r e m e l y  useful in 
f uture studies a i m e d  at establishing a  clearer picture o f  t h e  role rubella v a c c i n e s  play in 
t h e  a e t i o l o g y  o f  c h r o n i c  arthropathies ( F r e y  a n d  A b e r n a t h y ,  199 3 ) .  A  further s e v e n  
n u c l e o t i d e s  u n i q u e  to C e n d e h i l l  w e r e  identified f r o m  s e q u e n c e  c o m p a r i s o n s  w i t h  
T h o m a s ,  T h e r i e n  a n d  M 3 3  ( T a b l e  4.6.). T h r e e  o f  the s e  n u c l e o t i d e s  o c c u r  in a  f r a g m e n t  
('F', F i g u r e  3.2.) w h i c h  c a n  b e  amplified b y  o n e  set o f  p r i m e r s  ( F P C R  a n d  R T 7 q ) .  
F u r t h e r  s e q u e n c e  c o m p a r i s o n  w i t h  t h e  o t h e r  R V  strains is r e q u i r e d  b e f o r e  t h e s e  
n u c l e o t i d e s  c a n  b e  r e g a r d e d  as b e i n g  specific to t h e  C e n d e h i l l  strain, b u t  s h o u l d  t h e y  
p r o v e  to  b e  so, a n  R T - P C R  u s i n g  p r i m e r s  F P C R  a n d  R T 7 q  w o u l d  a m p l i f y  a  r e g i o n  o f  
t h e  R V  g e n o m e  w h i c h  c o u l d  p r o v i d e  s t r o n g  m a r k e r s  for t h e  C e n d e h i l l  strain.
T h e s e  are t h e  first studies t o  identify m u t a t i o n s  w i t h i n  t h e  N S  c o d i n g  a n d  5' N C  
r e g i o n s  o f  t h e  R V  g e n o m e  w h i c h  m a y  potentially b e  i m p o r t a n t  for t h e  a t t enuation o f  t h e  
virus. All o f  t h e  a m i n o  acid a n d  n u c l e o t i d e  differences identified in t h e s e  studies w h i c h  
a r e  u n i q u e  to v a c c i n e  strains, r e p r e s e n t  positions w i t h i n  t h e  R V  g e n o m e  at w h i c h  future 
studies i n v o l v i n g  site-directed m u t a g e n e s i s  c o u l d  b e  directed. I n d e e d ,  d u r i n g  t h e  c o u r s e  
o f  this w o r k ,  o v e r l a p p i n g  c l o n e s  o f  th e  N S  p rotein O R F  o f  T h o m a s  a n d  C e n d e h i l l  
( F i g u r e  a n d  T a b l e  3.2.) h a v e  b e e n  c r e a t e d  ( w h i c h  c o n t a i n  u n i q u e / r a r e  restriction sites in 
their termini) w h i c h  c a n  b e  ligated t o g e t h e r  into s e q u e n c e s  w h i c h  c a n  b e  u s e d  to e x p r e s s  
N S  proteins. It is to b e  h o p e d  that b y  recreating t h e  structural p r o t e i n  O R F  f r o m
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existing T h o m a s  structural p rotein c o d i n g  c l o n e s  a n d  ligating this t o  a  r e c r e a t e d  intact 
N S  p r o t e i n  O R F ,  a n  infectious c D N A  c l o n e  c a n  b e  created. S u b s e q u e n t l y ,  b y  altering a  
n u c l e o t i d e  w i t h i n  a  P C R  o l i g o n u c l e o t i d e  primer, a  specific r e g i o n  c a n  b e  amplified w h i c h  
c o n t a i n s  t h e  d esired m u t a t i o n  a n d  this r e g i o n  u s e d  t o  repl a c e  t h e  original s e q u e n c e  in th e  
infectious c l o n e  in t h e  s a m e  w a y  that M a r r  a n d  c o l l e a g u e s  ( 1 9 9 4 )  d id w h e n  creating 
m u t a t i o n s  w i t h i n  t h e  p r o t e a s e  d o m a i n  o f  t h e  R V  N S  pro t e i n  O R F .  A  m o l e c u l a r  
infectious c l o n e  o f  T h o m a s  R V  c D N A  c o u l d  b e  m o d i f i e d  t o  c o n t a i n  t h e  m u t a t i o n s  
identified f r o m  t h e  curr e n t  studies as  b e i n g  p r e s e n t  o n l y  in v a c c i n e  strains, a l t h o u g h  as 
further s e q u e n c e  d a t a  appe a r s ,  a  s t r o n g e r  indication s h o u l d  e m e r g e  as to w h i c h  o f  t h e s e  
m u t a t i o n s  m a y  b e  i m p o r t a n t  for t h e  attenu a t i o n  o f  R V .  S u c h  i n f o r m a t i o n  m a y  also 
indicate w h i c h  m u t a t i o n s  p l a y  a  role in t h e  reactogenicity o f  v a c c i n e  strains. A l t h o u g h  
n o t  currently in use, t h e  C e n d e h i l l  v a c c i n e  strain h a s  b e e n  extensively u s e d  in b o t h  t h e  
U S A  a n d  E u r o p e  for v a c c i n a t i o n  o f  adult w o m e n  as it is less r e a c t o g e n i c  t h a n  b o t h  t h e  
currently u s e d  R A 2 7 / 3  v a c c i n e  a n d  p r e v i o u s l y  u s e d  H P V 7 7 . D E 5  ( B e s t  et a l, 1 9 7 4 ,  
S e c t i o n  1.7.). T h e  C e n d e h i l l  v a c c i n e  strain w a s  c h o s e n  as t h e  v a c c i n e  strain o n  w h i c h  
m o s t  o f  t h e  s e q u e n c e  analysis w a s  p e r f o r m e d  in t h e s e  studies, b e c a u s e  oth e r s  are 
b e l i e v e d  to  b e  w o r k i n g  o n  t h e  R A 2 7 / 3  s e q u e n c e  a n d  future s e q u e n c e  c o m p a r i s o n s  
b e t w e e n  t h e  t w o  m a y  indicate m u t a t i o n s  w h i c h  are responsible for t h e  reactogenicity o f  
R A 2 7 / 3 .
A  n u m b e r  o f  R V - s p e c i f i c  proteins, w h i c h  did n o t  c o r r e s p o n d  in size t o  t h e  structural 
proteins, h a v e  b e e n  identified b y  i m m u n o p r e c i p i t a t i o n  o f  R V - i n f e c t e d  cell lysates w i t h  a  
h u m a n  c o n v a l e s c e n t  rubella s e r u m  ( B o w d e n  a n d  W e s t a w a y , 1 9 8 4 )  a n d  it h a s  b e e n  
s u g g e s t e d  that thr e e  o f  t h e s e  c o r r e s p o n d  to  thr e e  R V  N S  proteins e x p r e s s e d  in vitro b y  
a  r e c o m b i n a n t  R V  N S  prot e i n  O R F  ( M a r r  et al., 199 4 ) .  T h e  u s e  o f  a  h u m a n  
c o n v a l e s c e n t  rubella s e r u m  t o  i m m u n o p r e c i p i t a t e  t h e s e  R V - s p e c i f i c  proteins a n d  th e  
likelihood that t h e y  a re N S  proteins indicates that R V  N S  prote i n s  car r y  antigenic 
determ i n a n t s .  F u t u r e  studies s h o u l d  also a d d r e s s  t h e  q u e s t i o n  o f  w h e t h e r  t h e s e  proteins 
p l a y  a  role in t h e  p r otective i m m u n e  r e s p o n s e  to  rubella, a n d  t h u s  w h e t h e r  t h e y  s h o u l d
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b e  i n c o r p o r a t e d  into r e c o m b i n a n t  a n t i g e n  p r e p a r a t i o n s  for future v a c c i n e s  a n d  d i agnostic 
assays. T h e  p r e s e n c e  o f  antigenic r e g i o n s  in N S  viral proteins h a s  b e e n  d e m o n s t r a t e d  in 
o t h e r  viruses a n d  is d i s c u s s e d  in S e c t i o n  4.1.
S e q u e n c e  c o m p a r i s o n  b e t w e e n  v a c c i n e  strains w a s  o f  a  limited n a t u r e  w i t h i n  t h e s e  
studies, e n c o m p a s s i n g  a  r e g i o n  c o n t a i n i n g  5 2 3  nu c l e o t i d e s  at t h e  5' e n d  o f  t h e  g e n o m e .  
H o w e v e r ,  t h e  inclusion o f  f o u r  v a c c i n e  strains a n d  five w i l d - t y p e  strains w i t h i n  this 
c o m p a r i s o n ,  p e r m i t t e d  identification o f  m u t a t i o n s  w h i c h  m a y  potentially a c c o u n t  in part 
for t h e  p h e n o t y p i c  differences s e e n  n o t  just b e t w e e n  w i l d - t y p e  a n d  v a c c i n e  strains b u t  
also w i t h i n  v a c c i n e  strains ( C h a n t l e r  et al., 1993). I n  particular, t h o s e  n u c l e o t i d e  
differences identified w i t h i n  t h e  p r o p o s e d  s t e m - a n d - l o o p  structures (nucleotides 1 8  to  
6 4 )  ( S e c t i o n  5.3.) t h o u g h t  t o  b e  i n v o l v e d  in viral R N A  replication a n d  translation m a y  
p r o v e  t o  b e  re s p o n s i b l e  at least in part for t h e  g r o w t h  characteristics o f  t h e  virus. 
E v i d e n t l y  a  n u m b e r  o f  sites w i t h i n  t h e  N S  c o d i n g  a n d  5' N C  r e g i o n s  o f  t h e  R V  g e n o m e  
h a v e  b e e n  identified at w h i c h  future site-directed m u t a g e n e s i s  studies c a n  b e  targeted.
O v e r  a  n u m b e r  o f  y e a r s  m u c h  i n f o r m a t i o n  a b o u t  t h e  structural c o m p o n e n t s  o f  R V  
h a s  a c c u m u l a t e d .  H o w e v e r ,  m a n y  q u e s t i o n s  still r e m a i n  u n a n s w e r e d  r e g a r d i n g  t h e  life 
cyc l e  o f  R V  a n d  its interactions w i t h  t h e  h o s t  cell. T h e  m o l e c u l a r  d e t e r m i n a n t s  o f  
p a t h o g e n e s i s  a n d  attenu a t i o n  o f  R V  strains still largely r e m a i n  u n k n o w n .  T h e r e  is a  
n e e d  t o  a m p l i f y  a n d  s e q u e n c e  R V  directly f r o m  clinical s a m p l e s .  All R V  s e q u e n c e  d a t a  
p r o d u c e d  to  d a t e  h a s  b e e n  g e n e r a t e d  f r o m  R V  w h i c h  h a s  b e e n  p a s s a g e d  in cell culture. 
It is likely that t h e  in vitro c o n d i t i o n s  o f  cell culture alter t h e  selection p r e s s u r e s  i m p o s e d  
in vivo a n d  that this results in t h e  selection o f  g e n o m e s  w h o s e  s e q u e n c e  differs slightly 
f r o m  t h e  s e q u e n c e  o f  t h o s e  w h i c h  p r e d o m i n a t e  in vivo.
E v i d e n t l y  as m o r e  s e q u e n c e  d a t a  e m e r g e s ,  particularly f r o m  t h e  5' N C  a n d  N S  
p r o t e i n  g e n o m i c  c o d i n g  r e g i o n s  o f  o t h e r  v a c c i n e  a n d  w i l d - t y p e  R V  strains a n d  f r o m  R V  
am plified directly f r o m  clinical s a m p l e s ,  identification o f  m u t a t i o n s  w h i c h  m a y  p l a y  a
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role in t h e  p a t h o g e n e s i s  a n d  atten u a t i o n  o f  R V  s h o u l d  b e c o m e  easier. T h e  studies 
p e r f o r m e d  for this thesis h a v e  a d d e d  to  this b o d y  o f  k n o w l e d g e  a n d  it is h o p e d ,  m a y  
facilitate future studies in this area.
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Appendix I
DOMINGUEZ, WANG. AND FREY
3 ,1 NKAUGGAAGCUAUCGGACCOCCCOUAGGACUCCCAUUCCCAUGGACAAACUCCUACAUGAGGUUCUUGCCCCCGGUGGGCCUUAUAACUOAACCCUCCGCAGUUCCCUAAGAGACCACCU 120M E K L L D E V I . A P G G P Y N L T V C S H V R D H V  27
121 CCCAUCAAUOCWCCACCGCCCGyCGGAAGUGCGCGAUGOOCOOACCGCUGCCCAAAAGCGGGCCAOCCOAGCCGOCAOACCCAGACCTJGOGy WCACCCAGAOGCACGUCAGUGAOCACCC 24028 RS I V E G A H E V R D V V T A A f Q K  R A I V AV I P R P V F T Q M Q V S D K  P 67
I .241 AGCACOCCACGCAAUOUCGCGGUAUACCCGCCGCCAWJGGAOCGAGOGCGGCCCUAAAGAAGCCCUACACCOCCOCAOCCACCCAAGCCCCGCCCOGCUCCGCCACCUCGaJCGCGtJUGA 36068 A L H A I S R Y T R R  K H I E H G P K E A L H V L I O P S P G L L R E V A R V E  107
361 GCCCCCCOCGGUCGCACUGOGCajCCACAGCACGGCACGCAAACOCGCCACCGCCCOGGCCGAGACGGCCACCGAGGCGUGGCACGCUCACOACGUGOCCCCGCUGCGOGGCGCACCCAG 480 108 R R W V A E C  L H R T A R K L A T ,  A L A E T A S E A W H A D Y V C A L  R C A P  S 147
481 CGGCCCCUOCOACGUCCACCCUCAGGACGUCCCGCACGGCGGUCGCGCCGOGGCGGACAGAOGCOOGCUCUACUACACACCCAOGCAGAOGUGCCAGCUGAOGCGUACCAUUGACGCCAC 600 148 G P F Y V H P E D V P K G G R A V A D R C L L Y Y T F K Q H C E L K R T I D A T  187
601 CCUGCOCGOGGCCGOUGACOOGOGGCCCGOCGCCCUOGCGGCCCACCOCGGCGACGACOGGGACGACCOGGCCAUOGCCUGGCAOCUCGACCAUCACGGCGGUOGCCCCGCCGAUUGCCG 720 188 L L V A V O L H P V A X . A A H V G D O H D D L G I A H K I D H D G G C P A D C R  227
721 CGCAGCCGGCGCOGGGCCCACGCCCGGCUACACCCGCCCCOGCACCACACGCAOCOACCAAGOCCOCCCGGACACCGCCCACCCCGGGCGCCUCUACCGGUGCGGGCCCCGCCUGUGGAC 840 228 G A C A G P T P G Y T R F C T T R I Y Q V L P D T A H P G R L Y R C G P R L H T  267
841 GCGCGAUUGCGCCG0GGCCGAAC0CyCA0GGGAGG90GCCCAACAC0GCCGGCACCAGGCGCGCGUGCGCGCCGUGCGAUGCACCC0CCCUA0CCGCCACG0GCGCAGCCUCCAACCCAG 960 268 R D C A V A E L S W E V A Q H C G H O A R V R A V R C T L P 1 R K V R S L Q P S  307
961 CGCGCGGGUCCGACUCCCGGACCUCGUCCAUCUCCCCCAGGUGCGCCGGUCGCCGUGGUUCAGCCUCCCCCCCCCCGUGUUCCAGCCCAUCCUGUCCUACUGCAAGACCCUGAGCCCCCA 1080 308 A R V R L P D L V H L A E V C R H R K F S L P R P V F Q R M L S Y C K T L S P D  347
1081 CGCGUACTJACAGCGAGCGCGUGUUCAAGOUCAAGAACGCCCUCOCCCACAGCAOCACGCUCGCGCGCAAUGOGCUCCAACACGCGtJGGAAGGCCACCUGCGCCGAGGAACACCCGCUGUG 1200 348 A Y Y  S E R V F K F K H A L C H S  I T L A G K V L Q E G H K G T C A E E D A L C  387
1201 CGCAWACGOAGCCOOCCGCGCGtJGGCAGOCOAACGCCAGGtJOGGCGGGGAOOAOGAAAGGCGCGAAGWGCGCCGCCGACOCOOUGACCGOGGCCCGCUGGCOGGACACCAtnJOGGGACGC 13 20 388 A Y V A F R A H Q S N A R L A G I M K C A K C A A O S L S V A G H L D T I H D A  427
1321 CAOUAAGCGGtJUCCOCGGOAGCGUGCCCCt)CGCCGAGCGCAOGGACGAC«GGCAACAGGACGCCGCGGOCCCCGCCUUCCACCGCGGCCCCCOCGAGGACCGCGGGCGCXACOWCGACAC 14 40 428 I K R F L G S V P  E A E R H E E H E Q D A A V  A A F O R G P  L E D G G R H L D T  467
1441 CGOGCAACCCCCAAAAOCGCCGCCCCGCCCOGAGAUCGCCGCGACCOGCAUCGOCCACGCAGCCAGCGAAGACCGCCAUUGCGCGUGCGCtJCCCCGCOCCGACGOCCCGCGCGAACGUCC 1S 60 468 V Q P P K S P P R P E I A A T K I V H A A S E D R H C A C A P R C D V P R E R P  507
1S 61 UUCCGCGCCCGCCGGCCAGCCGCAUGACGAGCCGCUCAUCCCGCCGOCGCOGaUCGCCGAGCGCCGUGCCCUCCGCUGCCGCCACUGGCAOTJOCGAGGCUaJCCCCGCGCGCGCCGAOAC 1680 508 S A P A G Q P D D E A L I P P K L F A E R R A L R C R E H D F E A L R A R A D T  547
1681 CGCGGCCGCGCCCGCCCCGCCGGCUCCACGCCCCGCCCGGOACCCCACCGUGCOCUACCCCCACCCCGCCCACCACGGCCCGOGGCUCACCCUUGACGAGCCCCGCGAGGaJGACGCGGC 1800 548 A A A P A P P A P R P A R Y P T V E Y R H P A H H G P K L T L D E P G E A D  AA 587
1801 CCUGGOCUUAUGCCACCCACUUGGCCAGCCGCUCCGGGGCCCOGAACGCCACUUCGCCCCCGGCGCGCAUAUGUGCGCCCAGGCGCGGGGGCUCCAGGaJOUOGOCCGOGUCGOGCCUCC 1920 588 L V L C D P E C Q P E R G P E R H F A A G A H H C A Q A R C L Q A F V R V V P P  627
1921 ACCCGAGCGCCCCUGGCCCGACGGGGGCCCCAGAGCGVGGCCGAAGUUCUUCCGCGCCOCCCCCUGGGCGCAGCCCUUGCUCGGCGAGCCAGCAGUUAOGCACCUCCCAUACACCGAUGG 2040 628 P E R P H A D C G A R A K A K F F R G C A H A O R L E G E P A V H H L P Y T O C  667
2041 CGACGaCCCACACCUGAOCGCACUCCCTJUUGCGCACCCUGCCCCAACAGGGCGCCGCCUUGGCACWCUCGGUGCGUCACCUGCCCCCGGCUGCAGCGUOCGACCCAAACGCGGUCACCCC 2160 668 D V P Q L I A L A L R T L A Q Q G A A L A L S V R D L P C G A A F D A N A V T A  707
2161 CGCCGOGCCCGCOGGCCCCCGCCAGUCCGCGGCCGCGUCACCGCCACCCGCCGACCCCCCGCCGCCGCGCCGCGCACGGCGAUCGCAACGGCACUCGCACGCUCGCGGCACUCCCCCCCC 2280 706 A V R A G P R Q S A A A S P P P G D P P P P R R A R R S Q R H S D A R G T P P P  747
2281 CGCGCCUGCGCGCGACCCCCCGCCGCCCGCCCCCAGCCCGCCCGCGCCACCCCGCGCUGGUGACCCGGUCCCUCCCAUUCCCGCCGGGCCGGCGGAUCGCCCGCGUGACGCCGAGCUGGA 2400 748 A P A R D P P P P A P S P P A P P R A G D P V P P I P A G P A D R A R D A E L E  787
2401 GGOCCCCUGCGAGCCGAGCGGCCCCCCCACGOCAACCAGGGCAGACCCAGACAGCGACAUCGUUGAAAGUOACGCCCGCGCCCCCGGACCCGUCCACCUCCGAGUCCGCCACAUCAUGCA 2520 788 V A C E P S G P P T S T R A D P D S D I V E S  Y A R A A G P V H L R V R D I M D  827
Appendix I. Nucleotide sequence of the RV genome. The identity of the two 5* nucleotides has since been determined as CA 
(Frey, personal communication). The deduced amino acid sequence of the nonstructural protein ORF (5* proximal) and 
structural protein ORF (3' proximal) is given. The 5' end of the subgenomic RNA (Frey et aL, 1989) and the amino termini of 
the structural proteins (Kalkkinen et al., 1984)  are indicated. Asterisks denote termination codons.
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RUBELLA VIRUS GENOME SEQUENCE
b . . . . . . . . . . . .2521 CCCACCGCCCGGCUGCAAGGUCGUGGUCAACGCCGCCAACGAGGGGCUACUGGCCGGCUCUGGCGUGUCCGGUGCCAUCUUUGCCAACGCCACGGCGGCCCUCGCUGCAAACUGCCGGCG 2640 828 P P P G C K V V V N A A N  E G L L A G  S G V C G A I  F A N A T A A L A A N C R R  867
2641 CCUCGCCCCAUGCCCCACCGGCGAGGCAGUGGCGACACCCGGCCACGGCUGCGGGUACACCCACAUCAUCCACGCCGUCGCGCCGCGGCGUCCUCGGGACCCCGCCGCCCUCGAGGAGGG 2760 868 L A P C P T G E A V A T P G H G C G Y T H I I H A V A P R R P R D P A A L E E G  907
2761 CGAAGCGCUGCUCGAGCGCGCCUACCGCAGCAUCGUCGCGCUAGCCGCCGCGCGUCGGUGGGCGUGUGUCGCGUGCCCCCUCCUCGGCGCUGGCGUCUACGGCUGGUCUGCUGCGGAGUC 2880 908 E A L L E R A Y R S I V A L A A A R R W A C V A C P L L G A G V Y G W S A A E S  947
2881 CCUCCGAGCCGCGCUCGCGGCUACGCGCACCGAGCCCGUCGAGCGCGUGAGCCUGCACAUCUGCCACCCCGACCGCGCCACGCUGACGCACGCCUCCGUGCUCGUCGGCGCGGGGCUCGC 3000 948 L R A A L A A T R T E P V E R V S L H I C H P D R A T L T H A S V L V G A G L A  987
3001 UGCCAGGCGCGUCAGUCCUCCUCCGACCGAGCCCCUCGCAUCUUGCCCCGCCGGUGACCCGGGCCGACCGGCUCAGCGCAGCGCGUCGCCCCCAGCGACCCCCCUUGGGGAUGCCACCGC 3120 988 A R R V S P P P T E P L A S C P A G D P G R P A Q R S A S P P A T P L G D A T A  1027
3121 GCCCGAGCCCCGCGGAUGCCAGGGGUGCGAACUCUGCCGGUACACGCGCGUCACCAAUGACCGCGCCUAUGUCAACCUGUGGCUCGAGCGCGACCGCGCCGCCACCAGCUGGGCCAUGCG 3240 1028 P E P R G C Q G C E L C R Y T R V T N D R A Y V N L W L E R D R G A T S W A M R  1067
3241 CAUUCCCGAGGUGGUUGUCUACGGGCCGGAGCACCUCGCCACGCAUUOUCCAUOAAACCACUACAGUGUGCUCAAGCCCGCGGAGGUCAGGCCCCCGCGAGGCAUGUGCGGGAGUGACAU 3360 1068 I P E V V V Y G P E H L A T H F P L N H Y S V L K P A E V R P P R G H C G S D M  1107
33 61 GUGGCGCOGCCGCGGCUGGCAUGGCAUGCCGCAGGUGCGGUGCACCCCCUCCAACGCUCACGCCGCCCUGUGCCGCACAGGCGUGCCCCCUCGGGCGAGCACGCGAGGCGGCGAGCUAGA 34801108 W R C R G H H G M P Q V R C T P S N A H A A L C R T G V P P R A S T R G G E L D  1147
3481 CCCAAACACCUGCUGGCUCCGCGCCGCCGCCAACGUUGCGCAGGCUGCGCGCGCCUGCGGCGCCUACACGAGUGCCGGGUGCCCCAAGUGCGCCUACGGCCGCGCCCUGAGCGAAGCCCG 36001148 P N T C W L R A A A N V A Q A A R A C G A Y T S A G C P K C A Y G R A L S E A R  1187
3601 CACUCAUGAGGACUUCGCCGCGCUGAGCCAGCGGUGGAGCGCGAGCCACGCCGAUGCCUCCCCUGACGGCACCGGAGAUCCCCUCGACCCCCUGAUGGAGACCGUGGGAUGCGCCUGUUC 3720 1188 T H E D F A A L S Q R W S A S H A D A S P D G T G D P L D P L M E T V G C A C S  1227
3721 GCCCGUGUCGGUCGGCUCCGAGCAUGAGGCCCCGCCCGACCACCUCCUGGUGUCCCUUCACCGUGCCCCAAAUGGUCCGUGGGGCGUAGUGCUCGAGGUGCGUGCGCGCCCCGAGGGGGG 3840 1228 R V W V G S E H E A P P D H L L V S L H R A P H G  P W G V V L E V R A R P E G G  1267
3841 CAACCCCACCGGCCACUUCGUCUGCGCGGUCGGCGCCGGCCCACGCCGCGUCUCGGACCGCCCCCACCUCUGGCUUGCGGUCCCCCUGUCUCGGGGCGGUGGCACCUGUGCCGCGACCGA 3960 1268 N P T G H F V C A V G G G P R R V S D R P H L W L A V P I . S R G G G T C A A T D  1307
3961 CGAGGCGCUGGCCCAGGCGUACUACGACGACCUCGAGGUGCGCCCCCUCGGGGAUGACGCCAUGGCCCGGGCGGCCCUCGCAUCAGUCCAACGCCCUCGCAAAGGCCCUUACAAUAUCAG 4080 1308 E G L A Q A Y Y D D L E V R R L G D D A H A R A A L A S V Q R P R K G P Y H I R  1347
4081 GGUAUGGAACAUGGCCGCAGGCGCUGGCAAGACOACCCGCAUCCUCGCUGCCUUCACGCGCGAAGACCOUUACGOCUGCCCCACCAAUGCGCUCCUGCACGAGAUCCAGGCCAAACUCCG 4200 1348 V W N M A A G A G K T T R I L A A F T R E D L Y V C P T N A L L H E I Q A K L R  1387
4201 CGCGCGCGAUAOCGACAOCAAGAACGCCGCCACCUACGAGCGCCGGCUGACGAAACCGCUCGCCGCCUACCGCCGCAUCUACAUCGAUGAGGCGUUCACUCOCGGCGGCGAGUACUGCGC 4320 1388 A R D I D I K N A A T Y E R R L T K P L A A Y R R I Y I D E A F T L G G E Y C A  1427
4321 GOUCGUUGCCAGCCAAACCACCGCGGAGGUGAUCOGCGOCGGOGAOCGGGACCAGUGCGGCCCACACUACGCCAAUAACUGCCGCACCCCCGOCCCUGACCGCUGGCCUACCGAGCGCUC 4440 1428 F V A S Q T T A E V I C V G D R D Q C G P H Y A N N C R T P V P D R W P T E R S  1467
4441 GCGCCACACUUGGCGCUUCCCCGACUGCUGGGCGGCCCGCCUGCGCGCGGGGCUCGAUUAUGACAUCGAGGGCGAGCGCACCGGCACCUUCGCCUGCAACCUUOGGGACGGCCGCCAGGU 4 5 60 1468 R K T W R F P D C W A A R L R A G L D Y D I E G E R T G T F A C N L W D G R Q V  1507
4561 CGACCUUCACCUCGCCUUCUCGCGCGAAACCGUGCGCCGCCUUCACGAGGCUGGCAUACGCCCAUACACCGUGCGCGAGGCCCAGGGUAUGAGCGUCGGCACCGCCUGCAUCCAUGUAGG 4 6801506 D L H L A F S  R E T V R R L H E A G I  R A Y T V R E A Q G M S V G T A C I  H V G  1547
4681 CAGAGACGGCACGGACGOOGCCCUGGCGCUGACACGCGACCUCGCCAUCGOCAGCCUGACCCGGGCCOCCGACGCACUCUACCOCCACGAGCUCGAGGACGGCUCACUGCGCGCUGCGGG 48001548 R D G T D V A L A L T R D L A I V S L T R A S D A L Y L H E L E D G S L R A A G  1587
4801 GCUCAGCGCGUUCCUCGACGCCGGGGCACUGGCGGAGCUCAAGGAGGUUCCCGCUGGCAUUGACCGCGUUGUCGCCGUCGAGCAGGCACCACCACCGUUCCCGCCCGCCGACGGCAUCCC 4920 1588 L S A F L D A G A L A E L K E V P A G I D R V V A V E Q A P P P L P P A D G I P  1627
4921 CGAGGCCCAAGACGUGCCGCCCUOCUGCCCCCGCACUCUGGAGGAGCUCGUCUOCGGCCGUGCCGGCCACCCCCAUUACGCGGACCUCAACCGCGOGACUGAGGGCGAACGAGAAGUGCG 5040 1628 E A Q D V P P F C P R T L E E L V F G R A G H P H Y A D L N R V T E G E R E V R  1667
5041 GUACAUGCGCAUCUCGCGUCACCOGCUCAACAAGAAUCACACCGAGAOGCCCGGAACGGAACGCGUUCUCAGUGCCGOUUGCGCCGUGCGGCGCUACCGCGCGGGCGAGGAUGGGUCGAC SI 60 1668 Y M R I S R H L L N K N H T E M P G T E R V L S A V C A V R R Y R A G E D G S T  1707
— Continued
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c . . . . . . . . . . . .Si 61 CCUCCGCACUGCUGUGGCCCGCCAGCACCCGCGCCCUUUUCGCCAGAUCCCACCCCCGCGCGUCACUGCUGGGGUCGCCCAGCAG'JCGCGCAUGACGUACUUGCGGGAACGCAUCGACeU 5280 1708 L R T A V A R Q H P R P F R Q I P P P R V T A G V A Q E W R K T Y L R E R I D L  17 47
5281 CACUGAUGUCUACACGCAGAUGGGCGUGCCCGCGCCCGACCUCACCGACCGCUACGCGCGCCGCUAUCCUGAGAUCUUCCCCGGCAUGUGUACCCCCCACAGCCUGAGCGUCCCCCCCUU 5400 17 48 T D V Y T Q M G V A A R E L T D R Y A R R Y P E I F A C M C T A Q S L S V P A F  1787
5401 CCUCAAAGCCACCUUGAAGUGCGUAGACGCCGCCCUCGGCCCCAGGGACACCGAGGACUGCCACGCCGCUCAGGGGAAAGCCGGCCUUGAGAUCCGGGCGUGGGCCAAGGAGUGGCUtJCA 5520 1788 L K A T L K C V D A A L G P R D T E D C H A A Q G K A G L E I R A W A K E W V Q  1827
5521 GGUUAUGUCCCCGCAUUUCCGCGCGAUCCAGAAGAUCAOCAOGCGCGCCOUGCGCCCGCAAUUCCUUGUGGCCGCUGGCCAUACGGAGCCCGAGGUCGAUGCGUGGUGGCAGGCCCAUUA 5640 1828 V M S P H F R A I Q K I  I M R A L R P Q F L V A A G H T E P  E V D A W H Q A H Y  1867
5641 CACCACCAACGCCAUCGAGGUCGACUUCACUGAGUUCGACAUGAACCAGACCCUCGCUACUCGGGACGUCGAGCUCGAGAUUAGCGCCGCUCUCUUGGGCCUCCCUUGCGCCGAACACUA 57 60 1868 T T N A I E V D F T E F D M N Q T L A T R D V E L E I S A A L L G L P C A E D Y  1907
S7 61 CCCCGCGCUCCGCGCCGGCAGCUACUGCACCCUGCGCGAACOCGGCUCCACUGAGACCGGCUGCGAGCGCACAAGCGGCGAGCCCGCCACGCUGCUGCACAACACCACCGUGGCCAUGUG 5880 1908 R A L R A G S Y C T L R E L G S T E T G C E R T S C E P A T L L H N T T V A M C  1947
58 81 CAUGGCCAUGCGCAUGGUCCCCAAAGGCGUGCGCUGGGCCGGGAUUUUCCAGGGUGACGAUAUGGUCAUCUUCCUCCCCGAGGGCGCGCGCAGCCCGGCACUCAAGUGGACCCCCGCCGA 6000 1948 H A M R M V P K G V R W A G I F Q G D D H V I F L P E G A R S A A L K W T P A E  1987
6001 GGUGGGCUUCUUUGGCUUCCACAUCCCGGUGAAGCACGUGAGCACCCCUACCCCCAGCUUCUGCGGGCACGUCGGCACCGCGGCCGGCCUCUUCCAUGAUGUCAUGCACCAGGCGAUCAA 6120 1988 V G L F G F H I P V K H V S T P T P S F C G K V G T A A G L F H D V M H Q A i K  2027
6121 GGUGCUUUGCCGCCGUUUCGACCCAGACGUGCUUGAAGAACAGCAGGUGGCCCUCCUCGACCGCCUCCGGGGCCUCUACGCGGCUCUGCCUGACACCGUUGCCGCCAAUGCUGCGUACUA 6240 2028 V L C R R F D P D V L E E Q Q V A L L D R L R G V Y A A L P D T V A A N A A Y Y  2067
6241 CGACUACAGCGCGGAGCGCGUCCUCGCUAUCGUGCGCGAACUUACCGCGUACGCGGGGGCGCGGCCUCGACCACCCGGCCACCAUCGGCGCGCUCGAGGAGAUUCACACCCCCUACGCGC 63602068 D Y S A E R V L A I V R E L T A Y A G A R P R P P G H H R R A R G D S D P L R A  21G7
I—>Subgenomlc RNA begins6361 GCGCCAAUCUCCACGACGCCGACUAACGCCCCUGUACGUGGGGCCUUUAAUCUUACCUACUCUAACCAGGUCAUCACCCACCGOOGUUUCGCCGCAUCUGGUGGGUACCCAACUUUUGCC 64EO2108 R Q S P R R R L T P L Y V G P L I L P T L T R S S P T V V S P H L V G T Q L L P  2147
6481 AUUCGGGAGAGCCCCAGGGUGCCCGAAUGGCUUCUACUACCCCCAUCACCAUGGAGGACCUCCAGAAGGCCCUCGAGGCACAAUCCCGCGCCCUGCGCGCGGAACUCGCCGCCGGCGCCU 66002146 F G R A P G C P N G F Y Y P H H H G G P P E G P R G T I P R P A R G T R R R R L  2187 1 M A S T T P I T H E D L Q K A L E A Q S R A E R A E L A A G A S  321—> C
6601 CGCAGUCGCGCCGGCCGCGGCCGCCGCGACAGCGCGACUCCAGCACCUCCGGAGAUGACUCCGGCCGUGACUCCGGAGGCCCCCGCCGCCGCCGCGGCAACCGGGCCCGUGGCCAGCGCA 67 202188 A V A P A A A A A T A R L Q H L R R *  « 220533 Q S R R P R P P R Q R D S S T S G D D S G R D S G G P R R R R G N R G R G Q R R  72
6721 GGGACUGGaCCAGGGCCCCGCCCCCCCCGGAGGAGCGGCAAGAAACUCGCOCCCAGACUCCGGCCCCGAAGCCAUCGCGGGCGCCGCCACAACAGCCUCAACCCCCGCGCAUGCAAACCG 684073 D W S R A P P P P E E R Q E T R S Q T P A P K P S R A P P Q Q P Q P P R M Q T G  112
6841 GGCGUGGGGGCUCUGCCCCGCGCCCCGAGCUGGGGCCACCCACCAACCCGUUCCAAGCAGCCGUGGCGCGUGGCCUGCGCCCGCCUCUCCACGACCCUGACACCGAGGCACCCACCGAGG 6960 113 R G G S A P  RP E L G P  P T N P  F Q A A V A R G E R P P  L H D P D T E A P T E A  132
6961 CCUGCGUGACCUCGUGGCUUUGGAGCGAGGGCGAAGGCGCGCUCUUUUACCGCGUCGACCUGCAUUUCACCAACCUGGGCACCCCCCCACUCGACGAGGACGGCCGCUGGGACCCUGCGC 70 80 153 C V T S W L W S E G E G A V F Y R V D L H F T N L G T P  P L D E D G R W D P A L  152
7081 UCAUGOACAACCCUUGCGGGCCCGAGCCGCCCGCUCACGUCGUCCGCGCGUACAAUCAACCUGCCGGCGACGUCAGGGGCGUUUGGGGUAAAGGCGAGCGCACCUACGCCGAGCAGGAC'J 7 2 00 193 M Y N P C G P E P P A H V V R A Y N Q P A G D V R G V W G K G E R T Y A E Q D f  232
7201 UCCGCGUCGGCGGCACGCGCUGGCACCGACUGCUGCGCAUGCCAGUGCGCGGCCUCGACGGCGACAGCGCCCCGCOUCCCCCCCACACCACCGAGCGCAUUGAGACCCGCUCGGCGCGCC 73 20 233 R V G G T R W H R L E R M P V R G L D G D S A P E P P H T T E R I E T R S A R H  2~2
73 21 AUCCUUGGCGCAUCCGCUUCGGUGCCCCCCAGGCCUUCCUUGCCGGGCUCUUGCUCGCCACGGUCGCCGUUGGCACCGCGCGCGCCGGGCUCCAGCCCCGCGCt'G.VJAUGGCGGCACCUC 74 402 73 P W R I R F G A P O A F L A G L L L A T V A V G T A R A G L Q P R A C H A A P . -  2 :2I—> E2
74 41 CUACGCUGCCGCAGCCCCCCUGUGCGCACGGGCAGCAUUACGCCCACCACCACCAUCAGCUGCCGUUCCUCGGGCACGACGGCCAUCAUGGCGGCACC'JUGCGCGUCCCCCAGCAUUACC 7 3 6-0313 T L P Q P P C A K G Q H Y G K H K H Q L P F L G H D G H H G G T L R V G Q H Y R  352
7 561 GAAACGCCAGCGACGUGCUGCCCGGCCACUGGCUCCAAGGCGGCUGGGGUUGCUACAACCUGACCCACUGGCACCAGCGCACUCAUGUCUGUCAUACCAAGCACAUGGACUUCUGGUGUG 76 5C 353 N A S D V L P G H W L Q G G W G C Y N L S D W H Q G T H V C H T K H M D F W C V  2 52
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d . . . . . . . . . . . .7681 UGGACCACGACCGACCGCCGCCCCCGACCCCGACGCCUCUCACCACCGCGGCGAACUCCACGACCGCCGCCACCCCCGCCACUGCGCCGGCCCCCUGCCACGCCCCCCUCAAUGACAGCU 7800 3 92 E H D R P P P A T P T P I ,  T T A A N S T T A A T P A T A P A P C H A G L N D S C  4 32
7801 GCCGCGGCUUCUUGUCUGGGUGCGGGCCGAUGCGCCUGCGCCACGGCGCUGACACCCGGUGCGGUCGGUUGAUCUGCGGGCUGUCCACCACCGCCCAGOACCCGCCOACCCGGUUUGGCO 7920 433 G G F L S G C G P M R L R H G A D T R C G R E I C G L S T T A Q Y P P T R F G C  472
7921 GCGCUAUGCGGUGGGGCCUUCCCCCCUGGGAACUGGUCGUCCOUACCGCCCGCCCCGAAGACGGCUGGACUUGCCGCGGCGOGCCCGCCCAOCCAGGCGCCCGCUGCCCCGAACUGGUGA 8040 473 A M R W G L P P W E L V V L T A R P E D G W T C R G V P A H P G A R C P E L V S  512
8041 GCCCCAUGGGACGCGCGACOUGCOCCCCAGCCUCGGCCCOCUGGCUCGCCACAGCGAACGCGCUGOCOCOOGAOCACGCCCUCGCGGCCUOCGUCCUGCOGGUCCCGUGGGUCCUGAUAU 8160 513 P M G R A T C S P A S A L H L A T A N A L S L D H A L A A F V I . L V P W V L I F  552
8161 UUAUGGUGUGCCGCCGCCCCUGUCGCCGCCGCGGCGCCGCCGCCGCCCUCACCGCGGUCGUCCUGCAGGGGUACAACCCCCCCGCCUAUGGCGAGGAGGCUUUCACCUACCUCUGCACUG 8280 553 M V C R R A C R R R G A A A A L T A V V L Q G Y N P  P A Y G  E E A F T Y L C T A  5921—> El
8281 CACCGGGGUGCGCCACUCAAGCACCOGUCCCCGUGCGCCOCGCOGGCGUCCGOUUUGAGUCCAAGAUUGUGGACGGCGGCOGCOUOGCCCCAUGGGACCUCGAGGCCACUGGAGCCUGCA 8400 593 P G C A T Q A P V P V R L A G V R F E S K I V D G G C F A P H D L E A T G A C I  632
84 01 UUUGCGAGAUCCCCACOGAUGUCUCGUGCGAGGGCUUGGGGGCCUGGGOACCCGCAGCCCCUUGCGCGCGCAUCOGGAAUGGCACACAGCGCGCGUGCACCUUCUGGGCUGUCAACGCCU 8520 633 C E I P T D V S C E G L G A W V P A A P C A R I W N G T Q R A C T F W A V H A Y  672
8521 ACUCCOCOGGCGGGUACGCGCAGCUGGCCUCUUACUUCAACCCUGGCGGCAGCUACUACAAGCAGOACCACCCUACCGCGUGCGAGGUUGAACCUGCCUUCGGACACAGCGACGCGGCCU 8640 673 S S C G Y A Q L A S Y F N P G G S Y Y K Q Y H P T A C E V E P A F G H S D A A C  712
8 641 GCOGGGGCUUCCCCACCGACACCGUGAUGAGCGOGUOCGCCCUOGCUAGCOACGOCCAGCACCCUCACAAGACCGUCCGGGUCAAGOUCCAOACAGAGACCAGGACCGUCOGGCAACUCU 87 60 713 W G F P T D T V M S V F A L A S Y V Q H P H K T V R V K F H T E T R T V W Q L S  752
8761 CCGUUGCCGGCGUGUCGUGCAACGUCACCACUGAACACCCGUUCUGCAACACGCCGCACGGACAACUCGAGGUCCAGGUCCCGCCCGACCCCGGGGACCOGGUUGAGOACAUOAOGAAUU 8880753 V A G V S C N V T T E H P F C N T P H G Q L E V Q V P P D P G D L V E Y I M N Y  792
8881 acaccggcaaucagcacucccgcuggggccucgggagcccgaauugccacggcccccauugggccuccccgguuugccaacgccauuccccucacugcucgccccuugugcgggccacgc 9000793 T G N Q Q S R K G L G S P N C H G P D W A S P V C Q R H S P D C S R L V G A T P  832
9001 CAGAGCGCCCCCGGCUGCGCCUGGUCGACGCCGACGACCCCCUGCUGCGCACUGCCCCUGGACCCGGCGAGGUGUGGGUCACGCCUGUCAUAGGCUCUCACGCGCGCAAGUGCGGACUCC 9120833 E R P R L R L V D A D D P L L R T A P G P G E V W V T P V I G S Q A R K C G L H  872
9121 ACAUACGCGCUGGACCGUACGGCCAUGCOACCGUCGAAAUGCCCGAGaGGAUCCACGCCCACACCACCAGCGACCCCOGGCAUCCACCGGGCCCCUUGGGGCUGAAGOUCAAGACAGUUC 9240 873 I R A G P Y G H A T V E M P E W I H A H T T S D P W H P P G P L G L K F K T V R  912
9241 GCCCGGUGGCCCOGCCACGCACGUUAGCGCCACCCCGCAAUGUGCGUGUGACCGGGUGCUACCAGUGCGGUACCCCCGCGCUGGOGGAAGGCCUUGCCCCCGGGGGAGGCAAOUGCCAUC 9360 913 P V A L P R T L A P P R N V R V T G C Y Q C G T P A L V E G L A P G G G N C H L  952
9361 UCACCGUCAAUGGCGAGGACCUCGGCGCCGtJCCCCCCUGGGAAGUUCGUCACCGCCGCCCUCCUCAACACCCCCCCGCCCUACCAAGUCAGCUGCGGGGGCGAGAGCGAUCGCGCGACCG 9480953 T V N G E D L G A V P P G K F V T A A L L N T P P P Y Q V S C G G E S D R A T A  992
9481 CGCGGGUCAUCGACCCCGCCGCGCAAUCGUUUACCGGCGUGGUGUAUGGCACACACACCACUGCUGUGUCGGAGACCCGGCAGACCUGGGCGGAGUGGGCUGCUGCCCAUUGGUGGCAGC 9600993 R V I D P A A Q S F T G V V Y G T H T T A V S E T R Q T W A E W A A A H W K Q L  1032
9601 UCACOCUGGGCGCCAUUUGCGCCCUCCCACUCGCUGGCUUACUCGCUUGCUGUGCCAAAUGCUUGUACUACOUGCGCGGCGCUAUAGCCCCUCGCUAGUGGGCCCCCGCGCGAAACCCGC 97201033 T L G A I C A L P l i A G L L A C C A K C L Y Y L R G A I A P R "  1063
9721 ACUAGGCCACOAGAUCCCCGCACCUGUUGCUGUAUAG polyA 9757
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Appendix II
LOG OOPS M ATRIX OF DAYHQFF. 1978
(Used in  CLUSTAL com puter p r o g r a m . )
The t a b l e  i n d i c a t e s  t he  f r e q u e n c y  w i t h  w h i c h  v a r i o u s  
am ino a c i d s  a r e  r e p l a c e d  by each o t h e r .  Low v a l u e s  
i n d i c a t e  u n l i k e l y  s u b s t i t u t i o n s .
c 20*
s 8 10
T 6 9 11
P 5 9 8 14
A 6 9 9 9 10
G 5 9 8 7 9 13
N 4 9 8 7 8 8 10
D 3 8 8 7 8 9 10 12
E 3 8 8 7 8 8 9 11 12
Q 3 7 7 8 8 7 9 10 10 12
H 5 7 7 8 7 6 10 9 9 11 14
R 4 8 7 8 6 5 8 7 7 9 10 14
K 3 8 8 7 7 6 9 8 8 9 8 11 13
M 3 6 7 6 7 5 6 5 6 7 6 8 8 14
1 6 7 8 6 7 5 6 6 6 6 6 6 6 10 13
L 2 5 6 5 6 4 5 4 5 6 6 5 5 12 10 14
V 6 7 8 7 8 7 6 6 6 6 6 6 6 10 12 10 12
F 4 5 5 3 4 3 4 2 3 3 6 4 3 8 9 10 7 17*
Y 8 5 5 3 5 3 6 4 4 4 8 4 4 6 7 7 6 15 18*
W 0 6 3 2 2 1 4 1 1 3 5 10 5 4 3 8 2 8 8 25*
c S T P A G N D E Q H R K M I L V F Y W
Ma t c h  S c or e
Two d i f f e r e n t  r e s i d u e s  w i t h  a v a l u e  less  than t h e  c u t - o f f  0
Two d i f f e r e n t  r e s i d u e s  w i t h  a v a l u e  equal  t o  or
g r e a t e r  than t he  c u t - o f f .  1
Two i d e n t i c a l  r e s i d u e s  ( e x c e p t  C,  F,  Y or  W) . 2
Two i d e n t i c a l  C,  F,  Y or  W  ( marked * in the t a b l e ) .  3
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Appendix III
STRUCTURE OF AMINO ACIDS
N o n p o l a r  ( h y d r o p h o b i c )  R gr oups :
COOH
I
H2N —  C —  H
o u
COOH COOH
H2N — C — H H2N — C — H
H —  C —  O k
CH'
CH--
OT
H —  C —  CH'
CH'
A l a n  i ne 1 so I euc  i ne Leuc i ne
COOH
H2N —  C —  H
CH' h 2c x  /C H 2
COOH
H2N —  C —  H
P h e n y ( a l a n i n e Pro I i ne T r yp t o phan
P o l a r ,  u n c h a r g e d  R gr oups
COOH
h 2n  —  C
c h 2
C = 0
I
N-L
h 2n
COOH 
C —  H
I
c h 9
I
SH
COGH
H9N — C — H
I
CHo
c h 9
I
C =  0
I
NHo
A s p a r a g i n e  C y s t e i n e GI  utami  ne
COCH
I
HoN —  C —  H
I
c h 2
Met h  i on i ne  
COCH
I
H2N —  C —  H
I
H —  C —  CH3
V a I i  ne 
COOH
I
h 2n  —  c —  h
H
G I y c  i ne
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h2n IC — H
I
H — C — OH 
[
H
COOH COOH
I
HoN —  C —  H
I
H —  C —  CH
I
CHo
COOH
S er i ne Thr eon  i ne
P o s i t i v e l y  ch ar g ed  R gr oups :
COOH
HoN —  C— H
I
CHo
c h 2
c h 2
I
NH
I
C =  l\H'
i
A r g i n i ne
COCH
H2N — C —  H
CH'
'CH
+ih n N / mh 
c
H
COOH
H2N —  C — H
CH'
CH'
CH'
CH'
Mr
Hi s t  id  i ne Lys i ne
N e g a t i v e l y  char ged  R gr oups :
COCH
I
HoN —  C — * H
i
CH?
I
C=*0
I
O'
h 2 n
COOH
i
C — H
I
c h 2
CHo
C = 0
I
0"
A s p a r t i c  a c i d  G l u t a m i c  a c i d
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